- AD-AL46 513 HUHRN ENGINEER’S GUIDE T0 FIUDITORV DISPLFWS VDLUHE 2 1/2
i ELEHENTS OF SIGNAL R.. (U) ERGLE TECHNOLOGY INC ORLANDO

i E MULLIGAN ET AL

UNCLRASSIFIED NFWTRREOUIPC 86-D- 8911/9837 2 F/G 1774 NL

.




33 3
SEEE]

JAa33a,.3

=l

s it s

"OPY RESOLUTION TEST CHART

. .\- ’

B S

L Tae m

Sendinandumiuand e a0 Aty 2 o o ot g ot e T




AD-A146 513:

‘3165 McCrory P

8. E. mmm, Ph.0.

L.’S. seomm Ph.D.
D. K. McBride, Ph.D.
;. :. cuzmmn”m.o.
. . » o »
D. P. Gleisner, Ph.D.
K. 0. Stewart, Ph.D.
L. Hitcheock, Ph.D.

le Techmio?y Inc.
aee, Suite 23‘
Orlando, F'lcrida

August 1984

."’ -

Aeplic S it

T :-oa» -3ca .rr;u; -

B

) DISTRIBUTION smm

} Approved for public release, ‘
distributtion un‘linited

Aandde

remdand

P

ey

P P W )

VL Y WPl

oadinde o b




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

L e e

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
BEFORE COMPLETING FORM

[T REPORT NUMBER
80-D-0011/0037-2

2. GOVT ACCESSION NO.

A A146 512

3. RECIPIENT'S CATALOG NUMBER

4. TITLE (and Subtitle)
Human Engineer's Guide to Auditory Displays,
Vol 2: Elements of Signal Reception and
Resolution Affecting Auditory Displays

$. TYPE OF REPQORT & PERIOD COVERED

1980 - 1982

6. PERFORMING ORG. REPORT NUMBER

et
7. AUTHOR(s)

B. E. Mulligan; L. S. Goodman; D. K. McBride;
T. M. Mitchell; T. N. Crosby; D. P. Gleisner;
K. D. Stewart; L. Hitchcock

8. CONTRACT OR GRANT NUMBER()

N61339-80-D-0011/0037

9. PERFORMING ORGANIZATION NAME AND ADDRESS
Eagle Technology, Inc.
3165 McCrory Place, Suite 234
Orlando, Florida 32803

0. PROGRAM ELEMENT PROJECT, TASK
AREA & WORK UNIT NUMBERS

11, CON‘I’ROLLING- O!:ﬂc! NAM.E AND ADORESS
Naval Training Equipment Center

Orlando, Florida

12. REPORT DATE

August 1984

13. NUMBER QF PAGES

149

T3, "MONITORING AGENCY NAME @ ADORESS(I! gifferent from Controlling Office)

18, SECURITY CLASS. (of ihte report)

Unclassified

Sa. DECL ASSIFICATION, DOWNGRADING
SCHEDULE

Y R —— —
§. OISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution is unlimited.

-
~4

. DISTRIBUTION STATEMENT (of the sbstract entered in Block 20, il di{ferent ftom Report)

8. SUPPLEMENTARY NOTES

-

19. KEY WORDS (Continue on un(/a stde il necessary and {dentify dy block number)

Audition, psychoacoustics, auditory psychophysics, auditory processing,
signal detection, aucditory masking, auditory discrimination, auditory
localization, auditory tracking, attention, recognition, memory,

signals.

acoustic signals.

20 ASSTRACT™ ‘Conttnue 3n reverse side If necesearv and (dentily by dlock number)

This work reviews the areas of monaural and binaural signal detection,
auditory discrimination and localization, and reaction times to acoustic
The review was written from the perspective of human engineering
and focuses primarily on auditory processing of information contained in
The impetus for this effort was to establish a data base

to be utilized in the design and evaluation of acoustic displays.. The
organization of the reviews presented here is in the form of questions and
answers. The questions are numbered and listed in Appendix-l to facilitate

14

ce

Ton, 1473

ENTION CF ' NOV 85 'S QBSOLETE

K]

PRI

RN Y- T

UNCLASSIFIED

e et e
SECURITY CLASSIFICATION CF Twis PAGE (When Decs Entereda:

PP A Y S S (RS- hd alstalinanedh PGNP VT PO TP W W W D W ¥

------

k]
IR
PTG CORLARAS

[Sp—

AAAAA




UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered) \

reference to appropriate sections of the textNAppendix [ also contains
citations of the scientific literature on which was basec the answers to
each question. There are nineteen questions and answers, and more than

two hundred citations contained in the 1ist of references given in
Appendix 11. This is one of two related works, the other of which reviewed
the literature in the areas of auditory attention, recognition memory,

and auditory perception of patterns, pitch, and loudness.q\

3N 3102- LF 0140 6601 UNCLASSIFIED

SECURITY CLASBIFICATION OF TNIS PAGE(When Deta Bnterew)

...................................................................
...................................................................




NAVTRAEQUIPCEN 80-D-0011/0037-2

ACKNOWLEDGEMENTS

The authors are indebted to many wonderfully helpful friends and colleagues
whose various contributions to this effort were supportive, always encouraging,
and occasionally insightful. To them, who we do not mention by name here, we
owe our gratitude. We must mention Talley and Leah whose sustained indifference
to, but caring tolerance of, the often exasperating involvement of the principal
author in the production of these volumes made the work possible. In additior,
for their managerial guidance and commitment to human factors in naval aviation,
the authors thank CAPT P. M. Curran (MSC, USN: Office of Naval Research; Code 270),

- CAPT J. F. Funaro (MSC, USN; Naval Training Equipment Center; Code 08),
COR C. W. Hutchins (MSC, USN; Naval Postgraduate School; Code 55MP), and
COR T. N. Jones (MSC, USN; Naval Air Systems Command; Code 330J). For her com-
petent and tireless efforts in manuscript preparation, and often acerbic humor,
we also thank Rudi Bass of Eagle Technology, Inc. Finmally, the authors give
their thanks to Mr. W. P. Lane under whose cognizance as Head of the Human Factors
Laboratory at the Naval Training Equipment Center the work was performed, and to

his right-hand person, Mrs. Rose Anne Fowler, who somehow succeeded in processing
these volumes through the system.

This work was performed under NAVTRAEQUIPCEN Contract No. N61339-80-D-0011,/0037.

Accession For 1§;i?
NTIS GRAXI ‘
DTIC TAB ;:;q
Unannounced 4 L~,,*
Justification b

By.

Digﬁyibution/____

Availability Codgs
|hva11 and/or

Dist Special

Al L




A Y W W T

NAVTRAEQUIPCEN 80-D-0011/0037-2

AUTHORS

B. E. Mulligan, Department of Psychology, University of Georgia,
Athens, GA 30602

L. S. Goodman, Naval Aerospace Medical Research Laboratory,

Naval Air Station, Pensacola, FL 32508

D. K. McBride, Naval Aerospace Medical Research Laboratory,

Naval Air Station, Pensacola, FL 32508

T. M. Mitchell, Human Factors Engineering Branch, Pacific Missile

Test Center, Point Mugu, CA 93042

T. N. Crosby, Code AIR-5313, Naval Air Systems Command,
Department of the Navy, Washington, DC 20361

D. P. Gleisner, Man-Machine Integration Division, Naval Air

Development Center, Warminster, PA 18974

K. D. Stewart, Code 95, Naval Safety Center, Naval Air Station,
Norfolk, VA 23511

L. Hitchcock, Aviation Systems Division, Essex Corporation,

Warminster, PA 18974




’
A
s

2 — - £ Sty ry Y 1 E i Y MEA N Wl FRARA N - S a .
T T T T e T T e A e TR e A =7 TR TS LRI

NAVTRAEQUIPCEN 80-D-0011/0037-2

ABSTRACT

ELEMENTS OF SIGNAL RECEPTION AND RESOLUTION
AFFECTING AUDITORY DISPLAYS

This work reviews the areas of monaural and binaural signal detection,
auditory discrimination and localization, and reaction times to acoustic
signals. The review was written from the perspective of human engineering and
focuses primarily on auditory processing of information contained in acoustic
signals. The impetus for this effort was to establish a data base to be
utilized in the design and evaluation of acoustic displays. The organization
of the reviews presented here is in the form of questions and answers. The
questions are numbered and lTisted in Appendix 1 to facilitate reference to
appropriate sections of the text. Appendix I also contains_citations of the
scientific literature on which was based the answers to each question. There
are nineteen questions and answers, and more than two hundred citations
contained in the list of references given in Appendix II. This is one of two
related works, the other of which reviewed the literature in the areas of
auditory attention, recognition memory, and auditory perception of patterns,

pitch, and loudness.
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ELEMENTS OF SIGNAL RECEPTION AND RESOLUTION
AFFECTING AUDITORY DISPLAYS

This work is one of two in-depth reviews of the scientific literature
pertaining to the major areas of auditory processing in humans. The areas
covered in the reviews presented here are monaural and binaural signmal
detection, discrimination, and factors affecting reaction times to acoustic
signals. More than two hundred scientific reports, reviews, and books
provided the information substrate on which this work was based. These
documents were selected from the general literature available in the above
areas on the basis of their pertinence to achieving a broad understanding of
the factors that underlie processing of auditory signals such thSt it may be
applicable to the design and evaluation of non-speech acoustic displays.

As a means of providing the reader with an application-oriented guide to
the information presented herein, each unit of information is organized in the
form of an answer to a specific question, where the gquestions themselves were
formulated from the perspective of human engineering. There are nineteen such
questions of varying degrees of specificity with answers of correspondingly
variable lengths and detail. The particular literature on which each answer
is based is cited in standard scientific style and listed in full reference
format in Appendix 1I. Each question is numbered throughout the text. These
numbers correspond to a listing of the questions in Appendix I which may be
uned as an index to facilitate the location of questions of interest within

the text. The question list in Appendix I also contains, for each question,
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citations of the pertinent literature.to permit direct referral to the list of
i references in Appendix II. ;:;
: Although the implications for acoustic displays of much of the material Lff
discussed will be obvious, the reader is cautioned against drawing "hard and %}S?
. fast" conclusions for specific applications. Such conclusions may be isolated, ,J:
; out of context, and consequently inappropriate. A general model of auditory f};:
{ processing needs to be developed taking into account the information contained ;:jé
in this volume, as well as its sister volume which covers the areas of auditory f:;j
attention, recognition-memory, and auditory perception of patterns, pitch, and 3 ’
loudness.! Such‘a model would integrate this information and provide a means §

of establishing boundary conditions on the applicability of the conclusions

drawn from it.
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What factors determine the detectability of monaural signals?

Recognizing that the normal auditory system is, under natural conditions,
binaural rather than monaural, this question might best be rephrased to
ask, "what factors determine the detectability of diotic signals?"
Various studies have shown that the detectability of monaural and diotic
signals in noise is equivalent (e.g., Blodgett, et al., 1958; Hirsh and
Burgeat, 1958; Mulligan et al., 1967; Durlach, 1972). This is not to say
that these two types of signals are effectively the same in all

respects. Monaural signals presented through headphones are lateralized
completely on the side of the stimulated ear, whereas diotic signals
produce auditory images that are located centrally in the vicinity of the
midpoint of the binaural axis. Furthermore, monaural signals are not
Judged to be as loud as diotic binaural signals of the same amplitude.
Why, then, is the detectability of these two types of signals effectively

the same?

Monaural detection is typically studied under conditions where the input
to the non-signal ear is of relatively low magnitude (usually, the only
sound present is noise generated under the headphone cushion by bloodf low
through vessels) and uncorrelated with the noise presented through the
headphone at the signal ear. The effect is a functional isolation of the
two ears such that binaural interactions are rendered negligible.
Likewise, under diotic (as opposed to dichotic) conditions, binaural
interactions are nullified by presenting to the two ears in-phase signals
of the same amplitude and frequency against noise backgrounds of the same

spectrum level and waveform (interaural correlation of +1). Under either
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of these two conditions, the signal-contingent interaural imbalances that

contribute to the superiority of dichotic binaural detection (see

question no. 2) are virtually eliminated.

_l Except in the case of a severe pathology involving one ear, purely

%; monaural hearing probably cannot occur under natural conditions.

:E However, the relevance of monaural detection, as it is studied under
hl artificial laboratory conditions, is not only that it mimics diotic

: detection, but that it permits the study of auditory processes (e.g.,
3 frequency selectivity, intensity resolution, etc.) independenf1y of
“i binaural complexities. It is also applicable in the case of acoustic

communication systems that deliver single-channel signals through

headphones.

The major categories of variables that have been shown to influence
monaural detection are signal-to-noise ratio, signal frequency, masker
frequency or spectrum, signal duration, masker duration, auditory
bandwidth, temporal and frequency proximity of signal and noise.
Temporal fluctuations in the spectra of complex signals such as speech
may also influence detection, as may attentional factors. It may be
assumed that the latter did not affect the results of the experiments to

be reviewed here.

It is commonly said that the absolute threshold is a masked threshold
since, even under "quiet" listening conditions, noise is present in the
external auditory meatus (Shaw and Piercy, 1962). However, absolute and A

masked thresholds do not vary in the same way as a function of signal s

W A T PR N IR I "~.‘. N . . . - . ‘ A T o - .
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frequency (Hawkins and Stevens, 1950). The absolute threshold decreases
as signal frequency f increases up to about 2 kHz above which it rises as PR
f continues to increase (see Licklider, 1951, for a summary of absolute

sensitivity functions). The masked threshold, (or S/N necessary for

75% correct detection, as in the masking study by Green et al., 1959) “'

however, changes less rapidly as a function of f, except at low noise

PRI
W S SN

levels near absolute threshold. It also is apparent that, for a given

signal frequency, as the noise spectrum level increases, the signal level b
required to reach the masked threshold must increase by approximately the

same amount. That is, the signal-to-noise ratio (S/N) is approximately

constant for a given f and a specified level of detection performance (in gﬁfj
this case, the masked threshold; but note, as discussed below, that i;iﬁ
performance level increases as a function of S/N). Due to its ﬁi:;f
association with Fletcher's (194Q0) assumptions regarding the critical. :::
band, the masked threshold S/N is often referred to as the critical ratio ii;
(Zwicker et al., 1957). }73
——
Davis and Krantz (1964) compiled data from a number of studies from which
they determined the "minimum audible pressure" at absolute threshold for
a range of signal frequencies between 125 Hz and 8 kHz. It shows that i
the sound pressure level required for detection increases dramatically as Ei:
f decreases below about 1 kHz (threshold is about 40 dB higher at 125 Hz gif
than it is at 1 kHz). As f increases above 1 kHz, however, only slight T
increases in threshold levels are needed for detection out to 8 kHz. iiif
However, more rapid increases in thresholds above 2 kHz were reported in ;;f
the older literature summarized by Licklider (1951). In any case, it :?:
appears that the auditory system is most sensitive in the frequency Eﬁ;

»
’
]
A

-~




_____ RS S S A Ui N ST T AR Nt T (A AT R S A LA O LR
R N e I e I L N L N

2 NAVTRAEQUIPCEN 80-D-0011/0037-2 : "

region between about 1 and 2 kHz. It seems remarkable that, under ideal

ii conditions, the displacement of the tympanic membrane needed for threshold 4
y level stimulation in this frequency region is on the order of the diameter fﬁ;
of a hydrogen molecule (Stevens and Davis, 1938). If the sound pressure éﬁii
level is sufficiently great, young listeners can detect tones at :“1
frequencies of only a few Hertz (Corso, 1958) or at frequencies as great ];f
as 24 kHz (Corso, 1967). Normal listeners can detect sounds delivered to :;E
the cochlea through bone conduction (vibration of the mastoid process) at L
higher frequencies than they can sounds delivered through air to the 'iff
tympanic membrane (Corso, 1963). ;;;
The minimum sound pressure required for threshold detection may depend not iij
only on signal frequency, but also the duration of the signal. Threshold ié;
intensity of either tonal signals or noise signals has been shown to fjﬁ
decrease as a function of the duration of the signal up to times between iéﬁg
0.05 and 1.0 sec (e.g., Garner, 1947a,b; Garner and Miller, 1947; Green et zii
al., 1957; Plomp and Bouman, 1959; Green, 1960; Zwislocki, 1960, 1969; ;T?
Olsen and Carhart, 1966). Although various theoretical suggestions have ii;-
been offered to accounp for auditory temporal integration, at present the }f
process is neither empirically nor theoretically firm in all respects (see T
loudness summation in question 8). It seems to be well established, EE;
however, that either masked or absolute thresholds may be reduced by i;ﬁ
increasing the duration of brief signals. Thresholds for tones may be EE;
reduced by more than 25 dB (depending on signal frequency) by increasing ?5;
signal duration from about 1 msec to 1 sec (Piomp and Bouman, 1959). For :;f
very brief tonal signals this reduction in threshold with increasing ::T
signal duration may be due to a progressively greater concentration of the Ei;




______________________________

NAVTRAEQUIPCEN 80-D-0011/0037-2

signal's energy about its central frequency, an effect which may be
demonstrated either physically or mathematically. As pointed out by
various researchers (e.g., Garner, 1947b; Green et al., 1957; Plomp and
Bouman, 1959; Scharf, 1961), if the spectrum of a very brief signal is
spread out beyond the width of the critical band centered on the frequency
of the signal (i.e., mismatched auditory filter width and signal
duration), there may be an energy loss and, consequently, a higher
threshoid. However, this account probably is not applicable to signals of
durations much greater than about 10 msec (depending on signal frequency
and assuming a relatively gradual rise-decay) since their spectra are more
narrow than the bandwidths reported for the auditory filter. The
progressive decrease in threshold that occurs with increases in signal
duration to times as great as about 1 sec may, therefore, represent a
genuine temporal integration of energy. It seems likely that this

integration is neural rather than acoustical (Zwislocki, 1969).

Temporal integration requires some capacity to "hold” the effects of
stimulation as they build up over some time. The result is a decrease in
threshoid. The reverse process, i.e., decay of the after-effects of
stimulation, also results in threshold changes, but in the opposite
direction. That is, the threshold of a signal may be raised by the
after-effects of a sound which immediately precedes it. Various names
have been given to this result of stimulation on subsequent detection,
e.g., "after-effect masking," "residual masking," "auditory fatigue,"
"poststimulatory fatigue," etc. Although none of these labels seem to be
in all respects accurate discriptors, the one most generally used is

auditory fatique. It should be distinguished from "auditory adaptation®
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(or “perstimulatory fatigue") which refers to a decrease in loudness of an ;;ﬁ
on-going sound as a function of its duration and intensity. Presumably, 'if%
both fatigue and adaptation are indicative of reversible reductions in 5}?
auditory sensitivity as seen in thresholds. In this regard, it is of i;g
interest to note that an adapted ear exhibits elevated thresholds iif;
(Selters, 1964). i;?
Although there remain areas of uncertainty in the details of auditory fiﬁi
fatigue, the general nature of the major relationships is fairly well 3%?
established. The level of either tonal or noise signals required for ;;é
ﬁi threshold detection increases as a function of the level and duration of :j:
;é the pre-exposing sound, and decreases as a function of (1) the time :if;
between termination of the exposing sound and onset of the signal (at), ii;
and (2) the difference in frequency between the exposing sound and the fvj
signal (af). The effect of af, of course, is obtained only in the case of i
tones or narrow bands of noise. It should be noted that the form of these s
relationships seems to hold only over limited ranges of exposure ;——%
intensity, e.g., low, moderate, and high intensities (Elliot and Fraser, .
1970). For present purposes it will be adequate to treat separately 2
fatigue effects obtained above and below an exposure level of about 80 dB R
SL. 3
3}
The influence of the decaying after-effect of a moderately intense sound ffﬁ
exposure on the threshold of a second sound depends on the magnitude of :t?
the initial effect and the proximity in time and frequency of the signal
to it. At moderate levels of exposure, the magnitude of the effect grows :;53
very gradually as a function of the exposure duration, only negligible 5?
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effects occurring at exposure frequencies below about 500 Hz (Causse and

T )

Chavasse, 1947). Since the time required for complete recovery after

=T
P

exposure appears to be independent of the magnitude of the exposure

Ty
. .

effect, larger initial magnitudes are associated with more rapidly

h declining decay (recovery) functions. Decay of auditory fatigue occurs as
‘ a linear function of log-time (Plomp, 1964a). Decay functions that are
linear over time also have been reported (e.q., Luscher and Zwislocki,

! 1949).

The relationships depicting the decay of auditory fatigue may be regarded

as monaural temporal discrimination functions. Indéed, Plomp's listeners
were instructed to detect the At between two successive noise'pulses. The
more intense the two pulses were, the smaller was the just-discriminable
temporal gap. The smallest gap always occurred with pulses of equal
intensity. Reductions in the relative intensity of the second pulse
resulted in larger values of at. These results are equivalent to auditory
fatigue assuming that discrimination of at is dependent upon resolution of
the two successive pulses and that this resolution is proportional to the
magnitude of the declining residual (IR) of the first pulse, i.e., the
intensity difference limen (AI/IR). As intensity increases up to about

20 dB SL, At decreases rapidly. Above 20 dB SL, further change in at is
slight. This is the relationship that would be expected on the basis of

intensity discrimination data (see question 7) if at is proportional to

AI/IR.

The specificity of auditory fatigue has been examined by exposing the ear ) 1

to a tone of a given frequency and then determining threshold elevation at

. . .- . - R L R . o
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other frequencies after some fixed time at. It appears that the resulting
distributions relating threshold shifts to signal frequency are heavily
dependent on the intensity of the exposing sound. At low intensities of
exposure (below about 50 dB SL for tones), relatively small and

symmetrically distributed threshold shifts occur (Causse and Chavasse,

1947). The maximum threshold shift is found at the frequency (fo) of

the exposing tone and falls off symmetrically on either side of f0 as af
'g increases. At higher intensities of exposure the magnitudes of the
resulting shifts are greater, as are the widths of the distributions, but
é, the shapes of the distributions are asymmetrical (Munson and Gardner,

ii 1950). For an exposure frequency of 1 kHz at 70 dB SL, Munson and Gardner

found that the distribution peaks at fo’ but declineé gradually and

irregularly as signal frequency increases above fo' This irreqular and
asymmetrical spread of the fatigue effect to frequencies above fo was
found to be even more pronounced a for 100 dB SL exposure. The peak of
this distribution shifted up by half an octave above fo. Others have
reported much the same findings (e.g., Davis et al., 1950; Hood, 1950;
Iwislocki and Pirodda, 1952; Hirsh and Bilger, 1955). It is likely that
the asymmetrical spread of the fatigue effect to, and the emergence of
peaks at, frequencies greater than fo are the results of mechanical
nonlinearities in the cochlear response during intense tonal stimulation.
Similar effects have been obtained in simultaneous masking of tones by

tones (Wegel and Lane, 1924; Egan and Hake, 1950).

Unlike the relatively short-lived threshold shifts induced by levels of
exposure below about 80 dB SL, the shifts due to more intense exposures

may endure for minutes, hours, or months. Also, the duration of intense
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exposures interacts multiplicatively with intensity to a greater the
extent than in the case of low or moderate levels of exposure. The longer :‘f"
the duration (T) of the exposure at levels above about 80 dB SL, the
greater the magnitude of threshold shift and the longer the recovery time f%fi
(Mills et al., 1970; Mosko et al., 1970; Ward, 1963, 1970; Ward et al., :f;i'
b 1958). The magnitude of the fatigue effect has been found to increase |
linearly as a function of log T at a rate that is proportional to the
intensity above some constant value (Ward et al., 1958). Recovery ».
functions following intense exposures are non monotonic. After an initial
decline in threshold during the first minute after termination of the
exposure, the direction of the function reverses and peaks at ] :
approximately at = 2 min (the "bounce" effect) from which it again

declines (Hirsh and Ward, 1952; Hirsh and Bilger, 1955). From at = 2 min,

recovery is a linear function of log at (Ward et al., 1958). P

Both pitch and loudness of post-exposure sounds are affected. The
frequencies of tones matched to the pitches of intense exposing tones °
exceed fo (Davis et al., 1950), just as do the peaks of the

post-exposure threshold-frequency distributions. That is, the pitch of

the exposing tone is raised above the pitch normally associated with

]
f,- [In addition, the elevated thresholds due to fatigue are associated ii}fi
with "loudness recruitment," i.e., steeper slopes of loudness functions ’Qi&?
(Riach et al., 1962; Hickling, 1967) similar to those obtained in cases of !fV"

v
.

permanent hearing loss.

c L D
abhoadlana s s 2

The frequency region of greatest susceptibility to sound induced threshold

shifts appears to lie between 2 and 6 kHz (Ward, 1963), however there are
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large individual differences in these frequency regions. In general, it
appears that men are more susceptible to low frequency noise exposures and

women are more susceptible to high frequency exposures (Ward, 1966).

Forward masking is obtained under conditions that are operationally
equivalent with those in the auditory fatigue experiment (e.g., compare ;
the paradigm émployed by E11liot, 1962a, with those of Lxscher and
Iwislocki, 1949, and Gardner, 1947). A brief masker is presented to one
ear, followed by a silent period at, and then the signal of duration t is
presented, The smaller the value of at (or at + t) for a given level of
the masker, the Qreater the elevation of the signal level that is required
for minimal detection (Zwislocki, 1968; Stein, 1960; Elliot, 1962a,b).
The reverse condition, backward masking (E1liot, 1962a,b; Raab, 1961;
Osman and Raab, .1963; Robinson and Pollack, 1971; Wright, 1964), produces
an effect which appears to be similarly dependent on at. 1In this case,
the signal is presented first and, as at decreases, the level of the
signal required for minimal detection increases depending on the masker
level. Apparently, the masker disrupts the processing of the signal
memory trace if it follows signal offset closely enough. It is possible
also that backward masking may be partially due to an elevation of the
listener's detection criterion by the masker. In backward masking, the
listener must make a detection response after the masker offset rather
than after the signal offset. In any case, it is evident that proximity
of signal and masker in time raises the signal level required to achieve

threshold.

-
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Under conditions of simultaneous masking the signal and masker are
physically mixed, i.e., they are present at the same time in the form of a
complex wave. Thus detection cannot be improved by moving the signal away
from the noise in time (i.e., by increasing at), although detection may be
improved if the signal and masker are moved apart in frequency. This is
possible because the auditory system is frequency selective. If a narrow
band noise with a single-tuned power spectrum is the masker, detection of
a tonal signal located at the center frequency of the noise (the point of
peak power, fo) will require a larger S/N ratio than if the frequency of
the signal is either above or below the region of peak noise power (Egan
and Hake, 1950; Scharf, 1971). As the noise power drops off on either
side of fo’ so too does the signal power that is required for minimal

detection.

The masking of tones by a tone of fixed frequency and intensity was

originally investigated by Wegel and Lane (1924). On re-examining this

matter, Egan and Hake (1950) found that the effect of tonal masking is
similar to that obtained with a noise masker, i.e., threshold elevation of
the signal increases as proximity to the masker frequency increases, but
with a prominent difference. At the more intense levels of the tonal
masker, the masking effect is asymmetrical and irregular on the
high-frequency side of the masker. Dips in the function reported by Egan
and Hake for a 400 Hz masker at 80 dB are evident at the masker frequency
and multiples of it, i.e., 800 Hz, 1200 Hz, and 1600 Hz. The dips are due
to interactions between the masker {or its harmonics) and the signal when
the frequency difference between the two is small enough for the

occurrence of audible combination tones (or "beats" when the signal
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frequency is very close to either the masking frequency or that of one of
i its harmonics). Audible combination tones have been located at the
difference frequency (fz-fl), the cubic difference frequency
(2f1-f2), and several other frequencies (fl-n[fz-fl]) by
. Goldstein (1967). The most prominent combination tone was found to be the

cubic. These results were confirmed by Hall (1972).

. The asymmetry of tonal masking functions due to the presence of harmonics
of the masker probably accounts for the common observation that
low-frequency tones mask tones higher in frequency more readily than the

converse. But "remote masking" (the name applied by Bilger and Hirsh,

.

1956, to masking effects located at distances from the masker somewhat
- greater than a critical bandwidth) also may be produced on the

low-frequency side of the masker (Deatherage et al., 1957). The range of

A
.

frequencies over which these remote effects occur appears to be determined

by the intensity of the masker (Greenwood, 1961a); as masker intensity

LR LA
AL A R

l increases beyond about 50 dB above absolute threshold, both the magnitude
: and breadth of remote masking effects increase. Evidence for this may be

seen also in Figure 1-7(b). These effects appear to be the result of

E nonlinear (and asymmetrical) mechanical responses within the cochlea,

i.e., aural distortion. The presence of harmonic distortion products in S

- the cat cochlea was demonstrated by Wever and Bray (1938) and "o
) - d
R low-frequency distortions by high-frequency stimuli were found in the —

guinea pig cochlea by Deatherage et al. (1957).
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g In the case of noise maskers, it is clear that, at any signal frequency, ]
E? the signal power (and duration) needed to achieve a given level of E:
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: detection is proportional to the noise power present in the immediate

vicinity of the signal. In other words, noise outside of a critical

TTERW ¢ -

region on either side of the signal frequency (the "critical band") has no

effect on the level of the signal needed for detection.

Fletcher (1940) was the first to demonstrate and account for this effect.

Brief tonal signals were presented to his listeners against a background
i of "white noise" and masked thresholds were determined. Then the noise
bandwidth was narrowed and the procedure was repeated. Thus, for each
signal frequency, Fletcher obtained masked thresholds over a range of

noise bandwidths (in each case, the band of masking noise was centered on

oY

the signal frequency). He found that reductions in the noise bandwidth

i, had no effect on masked thresholds until the noise was narrowed to a

i certain critical width. Beyond this point, masked thresholds decreased

i (signal power required for threshold detection decreased) in direct

- proportion to further reductions in noise bandwidth. Fletcher's data also
. indicated that the critical width of the masker increased as a function of
signal frequency (see question 6 and Table VI-1). For example, only noise
within about *+ 20 Hz of 250 Hz exerted any influence on a signal at that
frequency, while at signal frequencies of 500 Hz, 1,000 Hz, 2,000 Hz, and

4,000 Hz the critical bandwidths were about £ 20 Hz, * 30 Hz, * S0 Hz, and

+ 75 Hz respectively. This increase in critical bandwidth accounts for
the increase in S/N at the masked threshold as signal frequency ~‘~;
increases. However, the detectability of narrow band noise signals

against a wide band masker has been shown to be independent of noise
signal center frequency if overall bandwidth power and duration are T
constant (Green, 1960). Further discussion of the critical band may be 3
found in question 6. ]

--------------------------------------------------------------------------------
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Comparisons of S/N values at the masked threshold for.tonal signals of
various frequencies are based on the assumption that the functions
relating detection performance and S/N are parallel across signal
frequency. Otherwise, performance level and S/N would be confounded.
Green et al. (1959) obtained psychometric masking functions (performance
vs. S/N) for a range of tonal signals from 250 Hz to 4 kHz and found them
all to conform to a cumulative Gaussian function. Even mulit-tone
compound signals yié]ded functions that conformed to those of the
single-tone signals (Green, 1958; Green et al., 1959). Since psychometric
functions are parallel across frequencies, the particular form of.the

function is important only in so far as it relates to the theoretical

considerations that underlie detection performance in a particular
psychophysical task. Hopefully, such theoretical considerations would

provide a bridge between the psychometric functions obtained with

Lo
T

different psychophysical procedures. For example, psychometric functions

generated from an envelope detection model (Mulligan and Elrod, 1970b)

Lo

were found to describe the relationships between detection performance

(pulsed tones; frequencies from 500 Hz to 4 kHz) and S/N obtained by means

Tt e tar e
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of two psychological methods. In one case, the proportion correct

A

detections P(C) obtained in a two-interval forced-choice experiment were

0
b

R I S PR
* ! ’.:' ,l'- '-v'.-“t‘

e

plotted against S/N, as were those of Green et al. (1959). In the second

rI IR I I W

case, detection performance was determined in a rating scale experiment
where listeners generated receiver-operating characteristics (ROCs) for

each value of S/N (other parameters held constant) from which the

performance measure d . was calculated and plotted as a function of S/N

P
s te v ey
LA A

SR T
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for five signal frequencies (Mulligan et al., 1968). Incidentally, the

PRI PNy

P(C) and 95 measures are related by the fact that P(C) is the proportion

of area under the ROC (Green and Swets, 1966).
14
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S (e

Psychometric functions from Mulligan and Elrod (1970a) are given in Table

1-1 for signal freguencies from 250 to 4000 Hz. The ratios of sound L

1/2
o

pressures for signals and noise (S/N that are required to achieve

percent correct detection between 55% and 95% are tabulated for each

signal frequency. Note that, as signal frequency increases, the value of Lo
S/N necessary for a given performance level also increases. As Fletcher
h‘ discovered, this is due to the increase in width of the critical band that

occurs with increments in signal frequency. ko

4 It is clear that psychometric functions for monaural detection of tonal
%i signals in noise are parallel across signal frequencies at least to 4 kHz Lo

3 and that the increase in S/N with increasing signal frequency may be

determined at any level of performance within the working limits of
psychometric functions. Alternatively, it may be said that the change in e
S/N required to bring about a given change in detection performance in a
particular psychophysical task is independent of signal frequency. For
the two-interval forced-choice task, an increase in (S/No)“2 by about
4.2 should raise detection performance from P(C)=65% to P(C)=85%,
without regard for signal frequency (see Table I-1). Approximately the
same changes in S/N and P(C) would be expected for tonal signals of
uncertain frequency (Green, 1961), signals composed of multiple tone
components (Green, 1958; Green, et al., 1959), and noise signals of

various bandwidths and center frequencies (Green, 1960).

15
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\ TABLE I-1. (S/N,)!/Z FOR LEVELS OF DETECTION

Ei PERFORMANCE [P(C) in 21FC TASK]

_F Signal  |55% | 60% | 65% | 70% | 75% | 80% | 85% | 90% | 95%

%" 250 Hz | 2.96 | 4.62 | 5.61 | 6.67 | 7.70 | 8.73 | 9.78 |11.02 |12.71

Eﬁ 500 Hz | 3.34 | 4.80 | 5.99 | 7.06 | 8.08 | 9.11 |10.16 [11.40 | 13.09

: 1000 Hz | 4.18 | 5.64 | 6.84 | 7.90 | 8.92 | 9.95 {11.00 |12.24 |13.94

: 1500 H2 | 5.08 | 6.54 | 7.74 | 8.80 | 9.82 [10.85 [11.90 [13.14 |14.48
2000 Hz | 6.02 | 7.48 | 8.67 | 9.73 |10.76 |11.79 |12.84 |14.08 |15.77

2500 Hz 6.99 8.44 9.64 |10.70 |11.73 |12.75 ]13.80 |15.04 } 16.74
3000 Hz 7.97 9.43 110.63 | 11.69 |12.71 |13.74 |14.79 |16.03 | 17.73
3500 Hz 8.98 | 10.44 |11.63 |12.69 |[13.72 |14.75 |15.80 [17.04 | 18.73
4000 Hz 10.00 {11.46 | 12.65 |13.72 |14.74 |15.77 |16.82 |18.06 | 19.75

Increments
For Noise 1.46 1.20 1.06 1.02 1.03 1.086 1.24 1.70
and Tone '
tompounds

Based on table from Mulligan and Elrod (1970a) B
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2. What factors determine the detectability of binaural signals?

Detection of binaural signals in noise may exceed monaural detection of
the same signals by 20 dB, or more. The factors responsible for this
superiority of the binaural system are essentially those on which auditory
localization depends, i.e., interaural time or phase, and intensity
differences. The interaural imbalances that may be produced by the
occurrence of signals in noise at both ears are far more detectable than
amplitude increments alone produced by the occurrence of monotic or diotic

signals in noise.

The relative difference in the detectability of signals in noise under
binaural and monaural conditions traditionally has been evaluated in terms
of the MLD or "Masking Level Difference." The MLD is, simply, the
difference in decibels between the signal-to-noise (S/N) ratios required
to achieve a given level of detectability under binaural and monaural (or
diotic) conditions. For example, assume that a S/N ratio of 18 dB is
necessary to attain 75 percent correct detection performance when the
signal is a 500 Hz tone briefly added to noise at one ear alone. Now, if
a duplicate of the noise is also presented to the other ear such that the
interaural correlation of the two noises is +1, then we would find that a
S/N ratio of only about 10 dB was needed in order to achieve the same
level of detectability as when the same signal was added to the noise at
one ear only. In this case, the MLD would be 8 dB. Merely by adding +1
correlated noise at the non-signal ear, the S/N ratio required for 75
percent detection performance was reduced from the monaural case by 8 dB.

This amounts to more than a 6-fold reduction in signal power as compared

17
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with the monaural condition. How can this occur? With correlated noise
present at both ears, the addition of the signal at one ear produces an
interaural phase shift that contributes powerfully to the detectability of
the signal. This does not occur if the noise is presented only in the

signal ear.

Taking the example a step further, if two 500 Hz signals are added in
phase and at equal amplitudes to the +1 correlated noises at the two ears,
the S/N ratio required for 75 percent correct detection performance be
again would 18 dB; just what it was in the purely monaural condition: In
this case, the detectability of two signals is far worse than jdst one.

It would seem that two signals should be more detectable than one, but
they are not because no interaural differences result from addition of
this diotic pair of signals to the noise at the two ears. The MLD will be
0 dB even though this is a binaural condition. If, however, these same
two signals are added to the noise 180° out of phase relative to each
other, a large interaural phase shift would-occur and the necessary S/N
ratio would be nearly 0 dB. The MLD would be about 18 dB, the equivalent
of a 63-fold reduction in signal power from that required for equally

detectable monotic or diotic signals,

Licklider (1948) introduced the terms "homophasic," "antiphasic," and
"heterophasic" as category names for the various interaural phase
conditions. Homophasic conditions are those in which signal and noise are
either both in phase or both out of phase, i.e., conditions in which no

interaural phase differences arise from either signals or noise.

18
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i TABLE I1-1. INTERAURAL TEMPORAL RELATIONS BETWEEN SIGNALS AND NOISE i;

" s
Nm: Noise monotic. ;~-

NO: Noise diotic (a = 1; @ = 0°) or dichotic (a # 1; @ = 0°).
Nn: Noise dichotic (a =1 or a 4 1; 0 = 180°).

N : Noise dichotic (a = 1 or a # 1; > 0) or diotic {(a = 1; = 0).
Np: Noise dichotic (a =1 or a # 1; p < +1) or diotic (e = 1; p = +1).

! Nu: Noise dichotic (s =1 or a # 1; p = 0).

Sm: Signal monotic.

$0: Signal diotic (a = 1; @ = 0°) or dichotic (a # 1; @ = 0°).

; Se: Signal dichotic (a =1 o0ora41; 0 >0°%). L.
Sv: Signal dichotic (a = 1 or a 4 1; 0 = 180°).
Sp: Signal dichotic (a = 1 ora £ 1; p < +1) or diotic (a = 13 p = +1) -
noise. if‘j
a: Interaural intensity ratio. ;3&?
9: Interaural phase difference. i;;;
Interaural time delay. L
p: Normalized interaural correlation coefficient. ;u?
-------------------------------------- -
Typical combinations of the above include: NmSm, NOSm, NOSO, NOSw, NOSe, égif
NpSO, etc. N
L
| .
19 o
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Antiphasic conditions are those in which either the signals are out of

phase and the noise is in phase, or, in which the noise is out of phase

ot
! --
-
[
[
L
[
L

and the signals are in phase. Lastly, heterophasic conditions are those
in which the noise is independent, or uncorrelated, at the two ears. A
more elaborate notation system has evolved (Hirsh and Webster, 1949;

Webster, 1951; Jeffress et al., 1956) as a means of indicating the

interaural temporal relationships of signals and noise. This system is
listed in Table I1-1 with several additions to reflect conditions examined :"4
- in more recent research. ' jﬁfj
ji ‘
EE The hierarchy of MLDs for a number of the interaural ma;king conditions :ff
L has been determined (Hirsh, 1948; Blodgett et al., 1958). They are, in ?ﬁ}}
‘ order of increasing MLD: NmSm, N#Sw, NOSO, NuSx, NuSO, N«Sm, NOSm, N«SO, E;S
NOS« (where NO and SO are diotic, i.e., a = 1 and @ = 0°; see Table f;f
I11-1). It appears to be the case that the conditions NmSm, N#Sx, and NOSO f;
are equivalent at 0 MLD (Blodgett et al., 1958; Hirsh and Burgeat, 1958; E
Mulligan et al., 1967; Durlach,v1972) since no binaural advantage occurs. :f:
One or the other of these conditions may thus be taken as the reference ;;yj
for determining the M.D, usually either NmSm or NOSO, '?
The effect of interaural phase on the masking of signals by noise was ;;'3
first reported by Licklider (1948) and Hirsh (1948). Licklider found that ii
the intelligibility of speech masked by white noise can be altered 5 :#
dramatically by reversing the interaural phase of either the speech .
signals or the noise, or by varying the interaural correlation of the
noise. He found that most masking occurs under homophasic conditions, - »3
20 s
H
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Jeast masking under antiphasic conditions, and intermediate levels under  ;f2
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heterophasic conditions. vt

o
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Hirsh (1948), using pure tones instead of speech signals, supported and ﬁ?ﬁ

extended Licklider's findings. He found that reversing the phase of both t. 4

signal and noise (NxSw) had little effect on the masked threshold. '

However, reversing the interaural phase of the signal only (NOS«), or
noise only (NxSO), resulted in large reductions in the masked threshold.

; The MLD at 100 Hz was small, but increased greatly at 200 Hz. The MLD was
i largest at 200 Hz (13.6 dB for NOSx, 7.6 dB for NxSO), and decreased

monotonically as frequency increased to 500 Hz, 1,000 Hz, 2,000 Hz, and

5,000 Hz. Only a slight MLD remained at 5,000 Hz. Similar results were
obtained by Webster (1951) for the NOSx condition at a number of
frequencies from 80 Hz to 6,600 Hz. The largest MLD was found at 250 Hz
(20 dB), falling off on either side to about 13 dB at 80 Hz and 4 dB at

6,600 Hz. Hirsh and Burgeat (1958) also obtained pure tone thresholds at
several phase and frequency conditions. MLDs of 12.6 dB for NOS«» and 7.3 foy

dB for NxSO were obtained at 250 Hz and MLDs steadily declined as ;"ﬂ

frequency of the signal was increased up to 3,000 Hz. MLDs for the NOSO -
and NeSw conditions were nearly identical. The same dependence of MLD on ;:??
frequency was obtained for the NOSm condition, although the magnitudes E;fﬁ
were lower; approximately 9 dB at 200 Hz (Hirsh, 1948; Hirsh and Burgeat, i;::
1958). This relationship of MLD to signal frequency for the antiphasic “;ﬁ
NOS» condition has been confirmed more recently by Durlach (1963), Rabiner 3

et al. (1966), Schenkel (1964), and Mulligan (in preparation). It is thus
clear that the enhancement of detection of tonal signals in noise under
antiphasic conditions shows much the same dependency on signal frequency

21
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as does the interaural phase ND and the minimum audible angle (Mills,

1960, 1972; see questions 3 and 4).

The dependence of the MLD on signal frequency also has been examined in

studies in which interaural noise correlation was the variable of
interest. Comparing NuSm to NOSm, MLDs of 10 dB, 7 dB and 4 dB were found
at 250, 225 and 200 Hz, respectively (Whitmore and Wilbanks, 1965b). 1In a

similar study, MLD values were 9 dB at 250 Hz and 500 Hz, and 4 dB at

v vr-v

1,200 Hz. Only slight MLDs were obtained for 3,000 Hz and 4,000 Hz

(Wwhitmore and Wilbanks, 1965a). It is worth noting that Whitmore and

IEL _BORReM

Wilbanks used the uncorrelated noise condition NuSm as their reference for

computing MLDs suggesting that NuSm is little, if any, better than NmSm.

In fact, Mulligan and Wilbanks (1965) reported a negative MLD of -3 dB for
NuSm. Similarly, Rabiner et al. (1966) found relatively small MLDs (4-5
dB) that seemed to be independent of signal frequency (160-1,000 Hz) for

the NuSO and NuS» conditions.

Wilbanks and Whitmore (1968) also systematically varied intefaural noise
correlation (p) and found that the MLD increased monotonically from about
1 to 8 dB as p increased from 0 to +1 for the condition NpSm. Virtually
identical results were obtained by Dolan and Robinson (1967) for the same
condition. Apparently, the magnitude of the interaural phase shift

produced by a monotic signal increases as a function of the correlation

between the noises at the two ears. Of course, as p approaches +1, the

NOSm condition is approximated.

Robinson and Jeffress (1963) also varied interaural noise correlation for jgﬁﬁ

the conditions NoSO and NoSe. They found a systematic decrease in MLD

22
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from about 12 to O dB as correlation increased from -1 to +1 for the NoSO
condition, and the opposite trend for the NoSwx condition. Thus, in-phase
signals produce large MLDs if the correlation of the noise at the two ears
is high and negative (as in the N«SO condition), and reversed-phase
signals produce large MLDs if the noise correlation is high and positive

(as in the NOSx condition).

The relationship between MLD and interaural phase of the binaural signal
has also been investigated parametrically. Exploring the NOSe and N«Se
conditions with a signal frequency of 200 Hz, Hirsh (1948) varied the
interaural phase angle of the signal from 0° to 180° in steps of 30° and
measured the masked threshold. With noise diotic (a = 1; @ = 0°), MLDs
increased as signal phase angle increased: 4 dB at 30°, 7.4 dB at 60°,
10.2 dB at 90°, 12.4 dB at'120°, 11.2 dB at 150" and 13.7 dB at 180°.
However, with the noise in reversed phase (NrSe), MLDs decreased as the
interaural signal phase angle increased, the mirror image of the NOSe

trend.

Jeffress et al. (1952) obtained threshold measures while varying the
interaural phase angles of both a 500 Hz signal and a wide-band masking
noise. The phase of the noise was altered by shifting the 500 Hz masking

component. Signal and noise phase angles of 0°, 36°, 72°, 108°, 144° and

180° were examined. The variable of interest was the S/N phase
difference. The greatest masking effect was found when the signal and the

noise had the same phase position, e.g., NOSO, N90590’ NaSw. The

[STRTY ] VIR '

masking effect decreased (MLD increased) as the phase angle between the S

signal and the 500 Hz component of the noise became more disparate, E:ff;

reaching a minimum when the difference between signal and noise was 180°. i_;‘l
neRe
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For example,‘N36 5144 provided an MLD comparable to that for NOSw.

ﬂ For the NQSe condition, Jeffress et al. obtained results very much like

7

those of Hirsh, i.e., MLDs increased as signal phase angle increased,

SV M
f

reaching a maximum of 14 dB at o = 180°.

Incidentally, these data confirmed early findings (Hirsh, 1948; Licklider,

1948; Hirsh and Webster, 1949) that NOSr and NxSO conditions do not yield
5; equivalent MLDs. N«xSO results in slightly less release from masking. The
; Jeffress et al. MLDs for the NeSO conditions did not increase as rapidly
with equal increases in noise phase angle (as compared with NOSe), and the
R MLD at N#SO was just under 13 dB, as compared with 14 dB for NOSx. These
differences may indicate merely that manipulations of interaural phase of

sinusoids and random noise components are not equivalent operations.

Jeffress et al. (1962) repeated the experimental procedure of the previous

study to investigate the NOSe condition for a 167 Hz pure tone. Again,

the effect of increasing signal interaural phase angle was to enlarge the

MLD, a maximum of 11 dB occurring at NOSx. This was one of the last

studies that employed classical psychophysical procedures to investigate’
MLDs. After this point, researchers turned to methods derived from the ’ f[j]
theory of signal detection. These methods require that MLDs be calculated :

by taking the difference in decibels between two psychometric functions

E . v .
OO

(d* vs. 10 log S/N ratio) at some specified level of detection e

nerformance. If the two functions are parallel, the difference between

them is constant and the MLD will not vary as a function of performance

R
PR AT

under a given set of stimulus conditions. If the MLD were to vary in this

manner (i.e., if psychometric functions were not parallel), the MLD would

el
Lt

A
POAGY VAT

be useless as an index of the relative effects of stimulus conditions on
24 S
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masking. Mulligan and Cornelius (1972) examined the question of
psychometric invariance and found it to hold on 10 log S/No scales for
the conditions NmSm, NOSm, NOSw, NuSm, and NuSw. More recently, Mulligan

(in preparation) has shown that the invariance between monaural and

antiphasic conditions holds only if signal frequency is the same for all
conditions being compared. Since the slope of the psychometric function

varies as a function of signal frequency, MLDs can be determined only from

functions involving the same signal frequency. e
A 2-alternative forced-choice procedure was employed by Rilling and A
Jeffress (1965) to determine the 500 Hz signal level required to achieve " :j

equal detection (d' = to 1.5) for NOSe conditions. The signal phase
angles examined were 0°, 15°, 30°, 60°, 120°, 150° and 180°. Colburn and

Durlach (1965) employed a 2-alternative forced-choice constant-stimulus
method to investigate NOSe at phase angles of 0°, 45°, 90", 135° and 180°
for a 500 Hz signal. In the same manner, Durlach (1963) determined MLDs

as a function of phase angle for a 200 Hz signal. The MLD values from

each of these experiments are compatible with those from previous studies f;ffi

(Hirsh, 1948; Jeffress et al., 1952, 1962). As the interaural phase *:fff

difference between binaural signals increases relative to that of the !fffj
noise, the MLD increases nearly linearly up to about 90°. As the phase %
difference is increased from 90° to 180°, the rate of MLD growth decreases fff*i

and the function tends to asymptote. The asymptotic levels of these
functions decrease as frequency increases above about 200 Hz. The

interdependence of signal frequency and interaural phase angle has

recently been re-examined by Mulligan (in preparation) and these S
relationships explored to determine their implications for detection in 3i3;§

f-ee sound fields.

.......................................
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Interaural phase differences may be represented as interaural time
differences. For pure tones, phase and time are simply related (e = 2xfo)
and the relationship of MLD to signal phase angle may be easily
transformed to determine the relationship of MLD to signal interaural
delay time (o). From this we would see that maximum MLDs are obtained at
time delays equal to 1/2f, where f is the signal frequency. This
straight-forward transform does not exist, however, in the case of noise.
It has been of interest, therefore, to determine the influence of

interaural time delay on the MLD in the condition NoSO.

In two related studies, Jeffress et al. (1952, 1962) maintained pure tone
signals at 0° interaural phase angle and varied the interaural time delay
(o) of a wide-band masking noise. For 500 Hz, maximum MLDs occurred at
time delays of 1 and 3 msec, with the values of 10 and 8 dB respectively.
For a 167 Hz signal, the MLD increased to about 4 dB at 1 msec and
remained at that level through 3 msec. The 167 Hz data differ in that the
maximum MLD is reached much more rapidly and remains at a relatively low
value. Langford and Jeffress (1964) extended these studies by introducing
even greater time delays in the noise, up to 9 msec. Results were
comparable, and showed that for 5 large interaural time differences, the
MLD approximated that which was obtained for an NuSO condition. Since the
signal was in-phase, time delaying the noise at one ear relative to the
other ear by small amounts established a phase difference between the
nyise and signal (interaurally) and thus resulted in an MLD. However, the

larger time delay resulted in a decorrelation of the noise.
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Using a speech signal delayed in one ear by 470 usec, Schubert (1956)
found that the percent correct speech intelligibility lay between
homophasic and antiphasic conditions over five S/N ratios. With longer
time delays of 1, 2, 3, 5 and 7 msec, Schubert found no differences

between delay conditions. That is, intelligibility did not increase with

time delays greater than 1 msec. Similarly, monosyllables that were ;fﬁj?
presented against wide-band masking noise became more intelligible with

speech delayed in one ear by 80 msec and 160 msec (Goodnow and Jeffress, - -

PR Y S LY I

]

1957). o

The improvements in signal detection that occur under antiphasic ;f;fi
conditions have been shown to depend on interaural phase, or time, _;ff
shifts. The detection of signal-contingent phase shifts by the binaural  ;fiE
system, however, poses a problem for auditory theory. Since the rate of ;";j
random fluctuation of the phase and amplitude of gaussian noise increases 5;;;
as a function of its bandwidth, how can the auditory system utilize a "iff;
signal-induced phase shift (or vector resultant) in wide band noise? ififf
Webster (1951) suggested an answer. Due to the narrowness of the auditory 3 B
bandwidth (critical band) relative to its center freguency, the waveform o
of the noise affecting a tonal signal changes slowly, i.e., the amplitude !4>L1
and phase of this narrow band process does not change appreciably within | i
the duration of a period of the wave. Hence, the noise outputs from the : fi
two monaural auditory filters are slowly varying and sinusqid-like, and !;:{;
the interaural phase shifts produced by the addition of out-of-phase ng%ﬁ
signals are resolvable by the binaural system. This idea was further ;E;f}
elaborated by Jeffress et al. (1956) and has since come to be known as tne Fg;i

“vector theory." The validity of the theory depends, obviously, on the

27
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involvement of the auditory filter in binaural detection. This has been
demonstrated in several studies (e.g., Langford and Jeffress, 1964;
Bourbon and Jeffress, 1965; Mulligan et al., 1967; Metz et al., 1968;
Sondhi and Guttman, 1966; Wightman, 1971; Wightman and Houtgast, 1972).

In addition to interaural time delay and phase effects, interaural
amplitude differences may also result in binaural unmasking of signals in
noise. Consider the homophasic condition NOSO; noises and signals
in-phase and of equal amplitudes at the two ears. The MLD for this
condition is 0, i.e., there is no binaural advantage over the purely
monaural condition NmSm. However, if the amplitude of one of the signals
is reduced relative to that of the signal at the opposite ear by 5 or 6
d8, there occurs a corresponding reduction in masking (increase in MLD) by
about 1.5 dB and this trend continues as the amplitude imbalance between
the signals at the two ears increases. At the extreme, of course, the
condition NOSm (signal at one ear only) is reached and the MLD is about 8
dB (Egan, 1965) or 5 dB (Colburn andFDurlach, 1965) for a 500 Hz signal.
This trend is reversed if we begin with an antiphasic condition, say NOSx,
in which noises and signals are of equal amplitudes at the two ears, but
the two signals are 180° out-of-phase. In this case the MLD is about 14
dB (Egan, 1965) or 11 dB (Colburn and Durlach, 1965) for a 500 Hz signal.
Reduction of the relative amplitude of one of the two signals now results
in an increase in masking (decrease in MLD) which approaches the value for
*he NOSm condition as the interaural amplitude difference between signals
increases. These same trends were found to occur for the conditions

Nosgo (decreasing M.D) and NOS45 (increasing MLD) by Colburn and

Durlach (1965), although the ranges of M.D values were smaller for these

1
o
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two conditions, as would be expected. Thus, if the noises at the two ears
are in-phase and of equal amplitudes, and if the signal interaural phase
angle is between 180° and 90°, MLD decreases with increases in the
interaural amplitude difference between signals. On the other hand, if
the signal interaural phase angle is between 45° and 0°, MLD increases

with increases in the interaural amplitude difference between signals.

The MLD also may be affected by interaural imbalances in the noise
amplitudes at each ear. For example, in the NOSm condition, if the level
of the noise in the non-signal ear is reduced below that in the signal
ear, the MLD declines proportionately (Blodgett et al., 1962; Mulligan and
Wilbanks, 1965; Egan, 1965; Weston and Miller, 1965; Dolan and Robinson,
1967). Likewise, if the noise in the non-signal ear is raised above that
in the signal ear, the MLD Becreases (Weston and Miller, 1965), although

not until the level in the non-signal ear is considerably greater

'(Mulligan and Wilbanks, 1965). This tendency for the MLD to decline as

the noise amplitudes in the two ears depart from equality also has been
reported to occur when the noise in the signal ear is raised and lowered
above and below that in the other ear (Mulligan and Wilbanks, 1965). A
similar effect has been shown to occur in the NOS« condition when both the
signal and noise at one ear are reduced in amplitude while keeping the S/N

ratios equal in the two ears {McFadden, 1968).

29
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3. On what does the localization of sound sources in “auditory space" depend,

Py

and what are its limits?

For those who are blind, discussions of auditory spatial perception that )
[+ are limited to man's ability, or lack thereof, to localize sound sources
_l in space must seem drab relative to the richness of their experience of R

"auditory space." Thé comb]ex ihterplay of pitch, tonality, loudness,

v

volume, and density of multiple sounds moving in 3-dimensional space and
varying in time and relative significance cannot be adequately addressed
from the standpoint of auditory localization, investigations of which have

- been principally concerned with directional sensitivity and, to a lesser

’
A

*} degree, with distance estimation. Unfortunately, the available literature .

~f} does not provide a scientific fdundation adequate to support technical

discussion of the more general udestions concerning auditory spatiai ;;j
perception. It is therefofe nééessary for this discussion to be limited"
to the complex question of auditdry localization.

i
The elemental cues on which dirgctional localization depends are T
interaural time (or phase) differences and interaural intensity
differences. The importance of these cues is discussed elsewhere in this
report within the context of binaural time-intensity trading (question 5) i.]
and binaural discrimination (qdestion 4). Interaural time and intensity ii;

cues arising from sound sources located in space vary in magnitude and

«ifectiveness depending on the frequency (or wavelength) composition of :f}J

tne sound and the angular displacement of the sound source away from the

mid-sagittal plane through the listener's head.

30
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The geometry of "auditory space" may be represented in terms of planes and Ei;;}
axes through the head, where the latter is regarded as a circular sphere. ;tffi
The three primary planes are (1) the mid-sagittal plane, (2) the | f;g
mid-transverse plane, and (3) the horizontal plane. The three major axes g;ﬁ
are (1) the binaural axis, (2) the medial axis, and (3) the longitudinal if;fj

axis. The axes are oriented at 90° with respect to each other and »

intersect at a point that is located at the exact center of the spherical

representation of the head. The longitudinal axis is a line that runs i ;AA
: superior-posferior]y (vertically); the binaural axis is a line that passes =
: through the two ears (laterally); and the medial axis is a line that runs B
u rostral-dorsally (horizontally) through the nose and back of the head. LS
[ The horizontal plane is positioned at the level of the ears and is Effﬁ?
precisely quartered by the medial and binaural axes. A circle drawn in ;;;::
the horizontal plane and centered on the crantal sphere intercepts the !"'j
medial axis at 0° azimuth (directly in front of the face) and 180° azimuth Eﬁt?ﬁ
(directly in back of the head). This horizontally oriented circle ;;;:i
.

intercepts the binaural axis at 90° azimuth (on the right side) and 270°
azimuth (on the left side). The laterally oriented mid-transverse plane
divides the head into front and back and intercepts the horizontal circle
at 90° and 270° azimuth. This plane is quartered by the longitudinal and

binaural axes. The mid-sagittal plane extends along the medial and

longitudinal axes and cuts the cranial sphere into left-right halves. A
sound source located at any point on a circle drawn in the mid-sagittal

plane, and centered on the cranial sphere, would be equa-distant from the

two ears and, consequently, would not (except in the case of high

frequency sounds affected by the pinnae and other body parts) result in

any interaural differences. The sound source could thus be located
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directly in front of, in back of, unde~, or above a listener and appear to ;:jfg
originate from the same place if no head movements were permitted. A ;;Lii

sound source at any point in space not located in the mid-sagittal plane,

however, would be associated with interaural differences, either temporal

or intensive. A sound moved in a circle around the head in the horizontal

plane would intercept the mid-sagittal plane at only two points, 0° and .
180° azimuth, and it would thus be associated with interaural differences }
at all other angles of azimuth, : . iijf:
Interaural time differences occur becauée the two ears are not o
equa-distant from sound sources displaced from the mid-sagittal plane. ::if

Assuming the head to be a perfectly circular sphere, Woodworth and
Schlosberg (1954, p. 351) showed that this difference in distances to the

two ears from a sound source displaced from the medial axis in the

horizontal plane could be accurately determined from the following two

formulations:

(1) Ad = k(ZB)

(2) ad = k(B + sin g)

where ad is the binaural distance difference, k is the radius of the head

(8.75 cm) and 8 is the angle of azimuth, in radians, that locates the
sound source on a line that intercepts the center point of the cranial
sphere. The two ears are located at 90° and 270° azimuth on the cranial
sphere. Equation (1) applies in the case of a source near the head T

(within one meter), and equation (2) applies in the case of a more distant
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source. For example, if a source were located close to the head at 30° ¥ 

(0.5236 radians) azimuth, the sound would have to travel about 9.16 cm I
farther to reach the more distant ear than the ear on the same side as the s

source. If the source were located at much greater distance from the

head, but at the same angle of azimuth, the sound would have to travel o ...

about 8.96 cm farther to reach the far ear than the near ear. B8y

comparison, equations (1) and (2) give ad values of 27.49 cm and 22.49 cm

for near and far sources located at 90° (1.5708 radians) azimuth, .

Since sound is propagated through air (at sea level and about 21° C) at -
approximately 344 m/sec, it will travel one c¢m in about 0.029 msec. i;j:;
Letting v = 0.029, equations (1) and (2) can be written in terms of e
interaural time difference T, i.e.,

!

(3) . 1= vk(2s)

(4) <t = vk{(g *+ sin 8). 'ﬁf'

From equations (3) and (4) we can now obtain the difference in times of ‘}i
arrival T at the two ears of a wavefront produced by a sound source !ﬂh
located anywhere in the horizontal plane. For example, at 30° azimuth, a ﬁ;f
source close to the head (1 meter or less) results in a time difference ;ff
of 0.266 msec and a distant source results in T= 0.260 msec. At 90° ?:L
azimuth, near and far sources result in tvalues of 0.797 msec and 0.652 :i~?
msec respectively. It should be noted that the value of T for a sound =
source at 90° azimuth is the largest interaural time difference that can '
be obtained for the average head under free field conditions. In an

experiment carried out in an anechoic chamber, Feddersen et al. (1957) .“
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measured interaural time differences as a function of angle of azimuth by
inserting small probe microphones into listeners' ear canals and recording
the difference in times of arrival of “clicks" at the two microphones.

The results were averaged over five listeners and found to agree closely

with time differences predicted from equation (4). However, it should be
noted that results summarized by Shaw (1974a, b) indicate that interaural
time differences for tones may be larger than those predicted by equation

(4), even exceeding the 1imiting case of diffraction theory, i.e., . 4

(5) t=vk(3 sin 8). ? ]

-
Further, it should be noted that Shaw derived his tonal results from phase ;L?
measurements rather than actual time delays. It is not clear whether this !;3

procedure accounts for differences between his results and those of - -
Feddersen et al. (1957), but the latter appear to best fit physical theory ﬂi}y

(see also Blauert's, 1974, summary).

The following table gives values of T from equation (4) for increments of

5° in angle of azimuth g from 0° to 90°.

Azimuth (') T MSEC ~ Azimuth () TMSEC
0 0.000 50 0.416
5 0.044 55 0.451
10 0.088 60 0.485 o
15 0.132 65 0.518
20 0.175 70 0.548 _
25 0.218 75 0.577 .
30 0.260 80 0.604 —
35 0.301 85 0.629 <
40 0.340 90 0.652 T
a5 0.379 R

..... * * -, . . . . . . . - .
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It should be clear that the above function is symmetrical about 90° and
270° (/2 and 3w/2 radians) such that, if ¢ is the angle of azimuth in

radians then

B=¢-n for r<ag 3x/2

Bm=2r-¢ for 3r/2<a<2sw.

The magnitudes of the interaural time differences T in the above table may
seem too small to afford any basis for localization, especially at small
angles of azimuth. That this is not the case is evident in the finding

that interaural time differences on the order of about 10 usec are

discriminable in the vicinity of the medial axis (Hershkowitz and Durlach,
1969a; Domnitz, 1973) at amplitudes of 40 dB above threshold, or greater.

Further, Mills (1960, 1972) showed that just discriminable differences in

..' ‘-' ":' " . e

! interaural phase (Aop), as measured from @ = 0° (dichotic tonal signals

presented through headphones; Klumpp and Eady, 1956; Zwislocki and

Feldman, 1956), were just slightly larger than the interaural phase angles

(AOa) produced by just discriminable azimuth shifts (“minimum audible
angle," ap) of an actual sound source off the medial axis in the
horizontal plane. This close correspondence between Ae_ and b0, is

p
interpreted to mean that sensitivity to changes fn angle of azimuth of

sound sources displaced from the medial axis depends on disqriminability l&f*ﬁ
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of interaural phase differences. By extension, it is inferred that
interaural phase provides the essential cue for localization of sources of
low frequency sounds, below about 1,500 Hz (Hughes, 1940). Mills' results
show that the 89, produced by just discriminable shifts in azimuth is a
linearly increasing function (with low slope) of log frequency (up to
about 800 Hz). As frequency increases above 1 kHz to 1.4 kHz, the rate of
acceleration of 80, increases dramatically. For frequencies below 1.5
kHz, values of Aop determined by Zwislocki and Feldman (1956) and Klumpp
and Eady (1956) parallel Mills' values of 80, the latter being slightly
smaller. It is interesting that the point at which the functions relating
Aop and 89, to Log-f begin to depart from linearity corresponds
approximately to the frequency (767 Hz) the half-period of which equals
the value of T produced by a source at 90° azimuth (the Hornbostel-
Wertheimer constant; Bekesy, 1960, p. 253). This may be mere

coincidence.

Although the correspondence between 80, and Aep as a function of

frequency has been established only in the region of 0° azimuth, it is
reasonable to assume that sensitivity to changes in azimuth (a¢) in other
regions of auditory space, e.g., at 60° azimuth, can be accounted for as
well in terms of just discriminable interaural phase (or time) differences

(a@). In fact, Mills (1958) showed that the relationship of so, to

frequency forms a family of parallel functions with the reference phase
angle @ as the parameter. Increments in ¢ result in larger values of
80, across all frequencies below 1.5 kHz. Since ¢, for a given
frequency, increases as a function of ¢, as does T (independently of }fzj

frequency), it is clear that 80, is ultimately dependent on ¢ and T.

............................




.......................

NAVTRAEQUIPCEN 80-D-0011/0037-2

Furthermore, since A T= 49/360f, it is evident that & also must increase
as a function of T, as demonstrated by Hershkowitz and Durlach (1969) for
f = 500 Hz. Whether discirmination of interaural time differences is
expressed in terms of ae or AT, as the reference value (o, T, Or ¢)
becomes large, sensitivity to changes in the temporal cues responsible for

auditory spatial resolution diminishes.

The fact that the binaural auditory system can localize (and lateralize)
on the basis of interaural phase differences that exist between low
frequency signals at the two ears does not mean that phase and time
differences are processed as different cues. It does indicate that
temporal processing in the binaural system is not limited to initial
differences in the times of arrival of a long-duration sound at the two
ears. If the two signals are delivered through headphones, interaural
phase differences may be varied, even though the two signals are presented
simultaneously, and variations in lateralization will occur (Sayers and
Cherry, 1957; Sayers, 1964). This is evidence that the binaural system
can extract temporal information from waveforms, or microstructures,
simultaneously present at the two ears. Such a processing capability
seems to be adaptive since the durations of most natural sounds are longer
than the differences in their times of arrival at the two ears and these
differences are preserved in the temporal relationships between the two
ongoing waveforms. Thus, if the signal frequency is sufficiently low
(below 1.5 kHz), and provided that the duration is long enough to be
processed, binaural resolution of the waveform microstructure can occur.
Concerning binaural temporal resolution, several studies have shown that

the just discriminable interaural time difference decreases as signal
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duration increases (Tobias and Zerlin, 1959; McFadden and Sharpley, 1972;
I Yost, 1974). Recall that interaural time differences of about 10 usec are
discriminable near the medial axis (Hershkowitz and Durlach, 1969a;

Domnitz, 1973).

In the case of tonal signals below about 767 Hz, the phase difference
across the ears is proportional to the apparent angle of azimuth if the
I' phase or time difference does not exceed Th’ the Hornbostel-Wertheimer
constant (Bekesy, 1960, p. 278). If the interaural time difference of
tonal signals between approximately 767 and 1534 Hz exceed Tc =
;i (1/F) - Ty then temporal information derived from waveform comparisons
provides an ambiguous basis for localization. This ambiguity can be
avoided only if the difference between the Hornbostel-Wertheimer constant
ii and the period of a tone (1/f) in the range 767 to 1534 Hz is less than
- the interaural time difference (i.e., T < rc). Thus, for frequencies
below about 767 Hz, Ty, may be taken as the limit of confusion-free zones
ﬁ while, for frequencies between about 767 and 1534 Hz, T, is the limit,
f i.e.,
J () -y iy < () <2 gy
(6) T, =
- 0;1'frh_>_(1/f)321h. ]
4
ﬁfﬁa
38 R
~:.'
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The interaral phase angles that correspond to these limits are o, =

I 2«f 5, for (1/f) > 2 1., and

- 2’(1-f1h); if Ty, < (1/F) < 2 T

(7) 9 =

l "0 ifry > (1/F) 221,

|

For example, the half-period of a 1,000 Hz tone is 0.5 msec. If this tone
is swept around the head, the interaural phase difference will increase as

the binaural time difference increases. At 5°, 25°, 45°, and 90° azimuth,

the phase angles will be 15.8°, 78.5°, 270.2°, and 234.7° respectively.

Up to about 62° azimuth the waveform at the right ear will increasingly
lead that at the left and the signal source will be localized

I progressively farther to the right side of the head. However, at about
63" azimuth there is a reversal, i.e., a phase ambiguity. The waveform at
the left ear begins to lead and the si;;a1 source is localized on the left
= side at about 62° azimuth. The 1,000 Hz signal is 179.5° out-of-phase at
i 62° azimuth, but 181.8° out-of-phase at 63° azimuth. If the signal is
moved to the most lateral position on the right (90° azimuth), the
interaural phase angle will become 234.7°, which is the same as 125.3°
with left ear leading, and the singal source will be localized at about
41" azimuth on the left side. This shows that the confusion-free zone for

1000 Hz cannot be greater than about * 41° azimuth, or & 125° interaural

Ei phase as determined from T in équation (6), i.e., @ = 360f Te-

39
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It is interesting to consider the relationship between angle of azimuth
I and the frequency of signals at the limit 7. At 5°, 25°, 45°, and 90°
azimuth, signal frequencies of 1,437 Hz, 1,150 Hz, 970 Hz, and 767 Hz,
respectively, are at the limits of their confusion-free zones. In other
I words, a 1,437 Hz signal can be unambiguously localized only within the

narrow range of # 5° azimuth while the confusion-free zone for a signal of

970 Hz is + 45° azimuth. No confusion-free zone exists for a signal of

" 1,534 Hz. This is noteworthy, since the auditory system does not appear
to process temporal information in the waveform microstructure of

; frequencies above about 1,500 Hz. As the magnitude of angular

h displacement of a sound source increases, the frequency of the signal must

decrease to avoid ambiguity. A parallel finding using headphones is that
the maximum degree of lateralization of tones increases as frequency

decreases.

Recall that, from equation (4), the interaural time difference produced by
any signal at 90° azimuth is 0.652 msec, the half-period of a 767 Hz tone
(the Hornbostel-Wertheimer constant; von Bekesy, 1960; Hornbostel and

Wertheimer, 1920). It is merely coincidental that 0.652 msec is the

period of a 1,534 Hz tone, roughly the frequency above which the binaural
system fails to process phase information and for which there is no angle

of azimuth that does not yield phase ambiguities.

PR e ottt

The above discussion pertains primarily to tonal signals lateralizations
of which are periodic within interaural time differences equal to their
- periods. Similar, but non-periodic results have been obtained for noise -ij

signals (Blodgett et al., 1956; Pollack and Trittipoe, 1959a,b; Jeffress
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et al., 1962), where interaural time delay and interaural correlation were
the parameters varied. The influence of interaural time delay on the
lateralization of "clicks” has also been found to yield comparable results
(Hirsh and Sherrick, 1961; Teas, 1962; Guttman, 1962a; Harris et al.,
1963; Babkoff and Sutton, 1966), as it has for the lateralization of

speech (Cherry and Taylor, 1954).

In all of the studies referred to thus far, interaural time differences
were produced either by time-delaying signals presented through
headphones, or by displacing a sound source away from the medial axis in
the horizontal plane. As stated before, interaural time (or phase)
differences arise under free field conditions because of the differing
distances a sound must travel to reach the two ears (low frequency, long
wavelength sounds diffracting around the head), the distance difference
increasing as a function of lateral displacement in the horizontal plane.

It is important to realize that these same distance differences may be

produced by sources not located in the horizontal plane. For example, all
points along the perimeter of a circle parallel to the mid~sagittal plane
and centered on the binaural axis (imagine a wheel located several meters
to the side of the head on a rod passing through the two ears) will be
equa-distant from the near ear and also equa-distant from the far ear
(excluding from consideration any interference by body parts).
Consequently, the distance difference to the two ears will be the same for
any point on such a circle, including the two points at the intercepts of

the circle with the horizontal plane. A sound source moved to any point
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on this circle would, therefore, result in the same interaural time

difference.

Essentially the same could be said for interaural intensity differences
with two prominent exceptions, viz., binaural distance differences are of
negligible importance, and structures of the body and head exert a
significant influence, especially at high frequencies. The latter
exception arises beéause the shorter wavelengths of the higher frequency
sounds at which significant intensity differences occur are not diffracted
around the head (or other body parts) as readily as the long wavelenghts
of low frequency sounds. Consequently, much of the energy in the short
wavelength sounds iends to be scattered and absorbed by the head and body
resulting in an intensity difference at the two ears that is referred to
as the “sound shadow." The higher thé frequency, the sharper the shadow
(i.e., the greater the energy drop across the éars) produced by the head,
the pinnae, and other body parts. Obviously, the magnitude of the shadow

varies with the directional location of the sound source relative to the

orientation of the head, the interaural intensity difference increasing as
the angle of azimuth changes from 0° to 90°. However, at a frequency of,

say, 15 kHz, the sound shadow produced by a source at about 160° azimuth Tf”1
in the horizontal plane would be different than that produced by a source
at 20° azimuth due to the effect of the pinnae (note that the interaural o
time difference obtained with low ffequency sound for each of these ]

locations would be approximately the same). Thus, at high frequencies,

interaural intensity differences would not be the same for all points on a
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laterally positioned circle oriented in the sagittal plane and centered on

42

. . < e . .
'.-'.- ‘.*‘._'A ol sl . Cat_ o at al > LI Y. R e IR G, S E G S W Y T UM W ShelV YUY SR VA W - I D ey




NAVTRAEQUIPCEN 80-D-0011/0037-2

the binaural axis, even though distance differences would be approximately

the same. K

It was stated above that binaural distance differences were of negligible

importance in accounting for interaural intensity differences. Of course, ;;>j
the pressure of a sound wave diminishes as a function of the distance the K j
wave travels through air due to diffusion (the pressure of spherically f‘if
spreading waves decreases by 6 dB for each doubling of the distance ;‘:j
travelled from the source), molecular absorption, viscosity and heat =
conduction in the atmosphere. However, it appears that the binaural
distance differences are too small to afford any significant decrease in )
pressure across the ears (for distant sources) relative to that produced ;‘}
through absorption and scattering by the head. Interaural intensity fji;ﬂ
differences are thus alaost completely due to the shadowing of the far ear iff_j
by the head, the effectiveness of which increases as a function of -Q¥;;
frequency. For example, if a source is located at 90° azimuth, the ?%f?
intensity difference for a 250 Hz tone is about 2 dB; for a 1,000 Hz tone, i:i:j
it is about 6 dB; and for a 10,000 Hz tone, it is about 20 dB (Feddersen Lf;f
et al., 1957; Gulick, 1971, p. 189; Shaw, 1974a,b). "'f
) ~‘
Lateralization studies (e.g., von Bekesy, 1959, 1960; Pinheiro and Tobin, \‘.‘
1969; Flanagan et al., 1964; Guttman, 1962; Moushegian and Jeffress, 1959; f:3§
Wwhitworth and Jeffress, 1961; Harris, 1960; Sayers, 1964; Sayers and Lynn, F~~-
1968) all show that the binaural auditory image is lateralized toward the L
ear of greatest intensity, the degree of lateralization increasing as the
interaural intensity difference increases. Although the literature is not lfff
in agreement on the magnitude of the interaural intensity difference i}iﬁ
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required to achieve a completely lateralized image, most studies indicate
that the image is lateralized fully to one side if the intensity
difference is approximately 10 dB. An important exception to this was
reported by Moushegian and Jeffress (1959). They found that, for a given
intensity difference, the degree of lateralization depends on signal
frequency. By contrast, von Bekesy (1960) reported that, for a given
intensity difference, the degree of lateralization is independent of

frequency for tones greater than 3 kHz.

While lateralization of binaural images is strongly affected by intensity
imbalances at the two ears, it appears that intensity discriminability is
not. Hershkowitz and Durlach (1969a) found that the binaural JND for
intensity remained approximately constant at about 0.8 dB even for
interaural intensity imbalances as great as 58 dB which approximates the
monaural condition. Their signal frequency was 500 Hz. They also found
that the binaural intensity IND was nearly constant over a large range of
interaural time delays, from O to 1,000 usec. They did find, however,
that some slight improvement in the binaural intensity JIND occurred (from
about 1.5 dB to 0.6 dB) as the intensity of the binaural tones increased
from 10 to 78 dB above absolute threshold. It appears, therefore, that
binaural intensity discrimination remains highly stable in the face of

large interaural temporal and intensive imbalances.

Discriminability of interaural intensity differences (JINDs) as a function
of signal frequency was shown by Mills (1960, 1972) to follow an irregular
function. The JIND increases gradually from about 0.65 dB to 0.7 dB as

frequency goes from 250 Hz to 500 Hz, but accelerates more dramatically as
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frequency continues to increase above 500 Hz up to 900 Hz where the XND ;i{d
P L
peaks at about 1 dB. The peak is not sharply tuned and the function has f- 4

dropped just slightly at 1 kHz. Between 1 kHz and 1.5 kHz the function

drops off almost linearly, the rate of decline diminishing above 1.5 kHz

3 as frequency approaches 2.5 kHz where the function reaches a low point at i?ff
;' about 0.5 dB. Between 2.5 kHz and 5 kHz the function again increases E?fﬁ
_ gradually to about 0.65 dB and then rolls off in a broad peak showing »;f;
!H little decrease up to 6 kHz, but declining at a greater rate between 6 kHz f'f}
and 10 kHz, finally reaching a value of about 0.45 dB at 10 kHz. =
=
The above function was obtained under 1istening conditions in which 7”}1
dichotic signals were presented to the two ears through headphones. In ;é:ﬁ
order to determine how well the above IND function accounted for the ;i;£
discriminability of azimuth changes ("minimum audible angle") of free : if
field sound sources, Mills determined the actual interaural intensity é
differences produced by just discriminable displacements (from 0° azimuth) E;;f
of sources that ranged in output frequency from 250 Hz to 10 kHz. He o
found that the resulting intensity difference function increased nearly
linearly from 0 dB at 250 Hz to about 0.2 dB at 800 Hz. Above 800 Hz, the
function positively accelerated to a peak of about 0.60 dB at 1.5 kHz. :1}
Between 1.5 kHz and 5 kHz, the intensity difference function followed ;?ﬁ
closely the JUND function. However, as signal frequency increased above 5 ;55
kHz, the intensity difference function rose sharply reaching a peak at 8 ;iﬁ
kHz and declining sharply thereafter. The peak value was about 1.7 dB, an ;;g
intensity difference that exceeded the dichotic intensity JND by more than ;_;
1 dB. wWhy intensity differences exceeding the dichotic JIND are required ::'
to detect changes in azimuth at frequencies above 5 kHz is not iix
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understood. It is clear, however, that detection of azimuth changes at
frequencies below 1.5 kHz cannot be accounted for on the basis of the
interaural intensity differences produced by changes in azimuth since
these differences are smaller than the intensity IJNDs. Recall that, for
signal frequencies below 1.5 kHz, Mills found that sensitivity to azimuth
was attributable to interaural phase (or time) differences. Between 1.5
kHz and 5 kHz, the correspondence between the IND function and the
intensity difference function is sufficiently close to warrant the
assumption that sensitivity to azimith is entirely accounted for by

interaural differences in intensity.

The above findings were obtained in the vicinity of 0° azimuth., Mills
(1958) also determined minimum audible angles as a function of frequency
at 30°, 60°, and 75° azimuth. The results of this experiment that were
obtained at frequencies below 1.5 kHz were described in our discussion of
interaural time differences. As was pointed out before, the minimum
audible angle at 30° azimuth is larger than it is at 0° azimuth for all
frequencies. Above 1.5 kHz, however, the minimum audible angle for 30'
aximuth exceeds that for 0° azimuth by a larger amount (about 4° as
compared with about 0.5° below 1.5 kHz; at 5,000 Hz the difference is

greatest at about 10°).

Between 1.5 kHz and 2 kHz, minimum audible angles are indeterminately
large if the source is located to the side by as much as 45° azimuth.
Large, but measurable minimum angles are obtained between 3 kHz and 5 kHz

at 60° and 75° azimuths.
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Beyond the obvious conclusion that binaural discrimination of angular
directions on the basis of interaural intensity differences is poor, if
not non-existent, for sources more than 30° to the side, little can be
said authoritatively. As a best guess, the increasingly poor directional
discrimination that occurs as angle of azimuth increases toward 90° might
be understood in terms of the rate at which the interaural intensity
difference changes with changes in angle of azimuth. At any frequency
capable of producing intensive differences at the two ears, the most rapid
change in interaural intensity difference with azimuth occurs in the
vicinity of 0° azimuth. Beyond about 30° azimuth, the intensity
difference functions for frequencies below about 2 kHz tend to flatten
out, showing relatively little change as angle of azimuth increases. As
frequency increases, however, the intensity difference functions become
more steep, flattening out only in the vicinity of 90° azimuth. The
obvious implication is that the minimum audible angle will be smaller in
the vicinity of 0° azimuth because a smaller change in the direction of a
source will result in a large enough change in the intensive difference to
exceed the JND. At 30", however, larger changes in azimuth (depending on
signal frequency) are required to produce changes in the interaural

intensity difference that are large enough to be detected.

The role of interaural intensity differences in auditory localization thus
appears to be of significance only at frequencies above about 1.5 kHz.
Between about 1.5 kHz and 5 kHz, interaural intensity differences
completely account for sensitivity to changes in the direction of sound
sources away from the medial axis, as do interaural time differences below

1.5 kHz. Smaller directional displacements are discriminable if the
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source is located in front of the listener than if it is located to one
side for both time and intensity cues. However, the degree of
lateralization of the binaural image is greater for sources displaced
farther to one side since interaural time and intensity differences
increase as the source is moved from 0° to 90° azimuth. Of course,
lateralization is toward the ear leading in time and receiving the greater

intensity (Trimble, 1928).

An early study by Stevens and Newman (1936) investigated accuracy of
localization of a free field sound source as a function of signal
frequency. Tones of brief duration were generated froﬁ a source which was
rotated about the listener's head in the horizontal plane (the listener
and apparatus was located on the top of a building as a means of reducing
reflected sound). For each position of the source, the listener estimated
its direction to within 15°. Errors in localization were averaged over
source locations for each signal frequency and plotted as a function of
frequency. The resulting error function peaks in the vicinity of 3 kHz,
the region of poorest localization. At frequencies above and below this

region, errors in localization diminished.

Head movements were not permitted in this study and, at frequencies below
about 1.5 kHz, the ability of listeners to distinguish between sources
‘ocated either in front or in back was only a little better than chance.
By contrast, errors in front-back discrimination were minimal above about
4 kHz. Between 2 kHz and 4 kHz front-back errors diminished approximately
Tinearly as a function of log-frequency. Again, these findings suggest

the operation of intensity cues at high frequencies where wavelengths are

48
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sufficiently short to be attenuated by the pinnae such that intensities
associated with a source in back of the head are less than those from a

source in front.

That front-back discriminations may be attributed to the influence of the
pinnae on high frequency sounds was established in an experiment by

E Batteau et al. (1965). They fitted two silicone molds of pinnae with

!l microphones which were connected by circuitry to a pair of headphones worn
F by a listener located in a separate sound chamber. The two artificial
pinnae were positioned on a rod with the normal space separating them but
*i without a head. On the basis of the acoustic outputs from the microphones

Li inside the artificial pinnae, listeners were able to identify the

direction of the source with reasonable accuracy in the horizontal plane
and at elevated positions. If the artificial pinnae were removed from the
microphones, however, the listeners' judgements became erratic. The sound
source was a maraca which produced a broad-band sound. It seems unlikely
that any of this sound below about 8 kHz contributed to the accuracy of
localization since wavelengths would not be sufficiently short to interact
with the pinnae. Furthermore, above 8 kHz the spectrum of the sound
probably varied differentially at the two ears as a function of azimuth
providing an informationally rich signal for localization. In this
connection, it has been shown that small changes in the spectral

distribution of sound are detectable (Karlin, 1945).

It is interesting to note that Batteau et al. (1965) also found that
listeners could follow the direction of movement of the sound source even

when only one artificial pinna and a microphone was used. Again, -
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localization deteriorated when the pinna was removed. This situation is
roughly equivalent to monaural localization with head movements
permitted. In a study comparing accuracy of monaural and binaural
Jocalization, Batteau and Plante (1962) found that azimuth errors

increased from 24° to #30° if one ear of the listener was occluded. Head

movements were allowed. Monaural localization of unfamiliar and
stationary sound sources without head movements probably would not be
g -
F: possible, although this condition does not appear as yet to have been -

investigated.

Listeners in the studies reviewed thus far indicated the apparent
direction of the sound source by such means as pointing, stating the angle TLJ

of azimuth, or simply indicating "right" or "left." A more direct

approach was taken by Sandel et al. (1955). Their listeners "aimed" a
noise source in the directions from which they judged tonal signals to ﬁfi
emanate. The listeners were seated in an anechoic chamber and operated a fg
remote control device which rotated a speaker (the noise source) located
at the end of a boom. Tonal signals were presented from 1 of 3 locations,
0° or #40°, and alternated with the noise until the listener indicated
that a match had been achieved. Since broad-band noise is more accurately -
localized than tones, the errors of localization obtained in this study
presumably reflect the degree of accuracy achievable in judging the

directions of tonal sources. _ =

Sandel et al. found that the average error of localization was small for 5£ﬁ
frequencies between 500 Hz and 1,000 Hz regardless of the location of the -

source. The largest systematic errors were obtained in the range 1.5 kHz
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to 3.0 kHz and, above 1.5 kHz, listeners displayed a marked tendency to
underestimate the *40° azimuth sources. Errors of localizing the 0°
azimuth source were considerably smaller across all frequencies than for
the two laterai sources. The range of errors (scatter) for all three
sources was greatest (listeners were least certain) in the frequency range
1.5 kHz to 2.5 kHz. Although Sandel et al. did not require their
listeners to make just discriminable azimuth settings, their results
conform in all important respects with those of Mills (1958, 1960° As
would be expected, therefore, sensitivity to azimuth may be taken as an

index of localization accuracy.

In the studies done by Stevens and Newman, Sandel et al., and Mills,
listeners were prevented from moving their heads. Of course, this was
necessary in order to establish the accuracy of localization with sources
positioned at fixed angles relative to the orientation of the head. If

listeners are allowed to "search for" a source with head movements,

accuracy of directional localization improves. Front-back discrimination
with head movements is superior to that achieved without head movements
(Burger, 1958; Thurlow and Runge, 1967). However, discrimination of the
elevation of sound sources is only minimally aided by head movements
(Thurlow and Runge, 1967). This finding is not consistent with
expectations based on the analysis of interaural time and intensity cues
provided by Wallach (1939, 1940). His analysis showed that the magnitude
of change in interaural cues produced by head rotation is greatest if the
source is located in the horizontal plane and diminishes as the source is
elevated, becoming 0 when the source is directly above the head on the

longitudinal axis, Pivotal movements of the head, however, would be
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expected to result in larger changes in time and intensity cues at the two
ears than rotational movements when the source is elevated. Thurlow and
Runge found that neither rotational nor pivotal movements contributed

significantly to accuracy of localization under such conditions.

Wallach's own experimental results were more in keeping with theoretical
expectations., He found that, if the source was moved in the horizontal
plane in precise synchrony with rotations of the listener's head, always
staying directly in front at 0° azimuth, the source was localized above
the head between 90° and 70° elevation. This was consistent with the
expected result since, if rotational movements of the head produced no
changes in interaural or intensity relations, the source must be located
either directly above or below the head. Wallach's listeners tended to
localize the source above the horizontal plane rather than below. When
the source was displaced laterally in the horizontal plane by an angle of
azimuth which remained constant regardless of rotational head movements,
listeners localized the source at an elevation that approximately equalled
the complement of the constant azimuth angle, a result also to be

expected,

Wallach obtained a somewhat surprising result when he arranged the source
such that it rotated at twice the angle that the listener moved his head.
When the initial position of the source was 0° azimuth, after head
rotation listeners described the soufce as being stationary and located
behind them. When the initial position of the source was located at 180°
azimuth, listeners reported that the source was stationary and located in

front. It is not clear why the source was heard as being stationary,
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rather than as moving around the head at a rate faster than the rate of
head movement. In a further experiment, Wallach set the rate of source
movement relative to head movement to a value intermediate between 2:1 and
1:1. Listeners again reported stationary sources with reversals of the
initial source position, but, in this case, listeners described the source
as being elevated above the horizontal plane. Mills (1972) showed that an
elevated source would be predicted from an analysis of the interaural cues
for this condition. Again, however, it is unclear why the source was

perceived as stationary,

An interesting demonstration of the interplay of head movements and
changing interaural cues in determining directional localization was
provided by Klensch (1948). He inserted a tube into each ear. The distal
end of each tube terminated in a funnel. Both funnels were aimed at a
sound source. By advancing one funnel toward the source while moving the
other funnel farther away, Klensch was able to manipulate the interaural
time and intensity cues independently of head movements. If the left
funnel was advanced and the right withdrawn as the listener rotated his
head to the right, the source was localized in front of him. However, if
the listener rotated his head to the left under these same conditions, the
source was localized in back of him. These results served to jllustrate
what happens under ordinary conditions of listening. If a sound source is
Tocated in front of us, a rotation of the head to the right will produce
an increase in the intensity and lead time of the sound at the left ear
relative to the right ear. The same interaural changes occur with
rotation of the head to the left if the source is located in back of the
listener., C(Consequently, it is the direction of head movement that
identifies the location of the sound source in this situation.
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Directional location of sound sources within enclosed spaces, or areas
with reflective surfaces, would be deteriorated if acoustic reflections
were as effective as the sounds transmitted directly to the two ears,
especially in unfamiliar areas. Fortunately, the influence of echos on

localization are suppressed. This is known as the precedence effect. In

the case of two successive bursts of sound that reach the ears at slightly
different times, the soundburst that arrives first exerts the strongest
influence on the direction of localization. For example, given two
speakers that are located at 45° and 315° azimuth, and equa-distant from
the center of the head, if a burst of sound from the speaker at 45°
azimuth precedes a burst from the speaker at 315° azimuth by no more than
several msec, the two bursts will be heard as a single sound originating
from the direction of the speaker or the right side (Wallach et al., 1949;
Steinberg and Snow, 1934). If the soundburst from the speaker at 315° is
more intense (or the speaker is closer to the listener) than that from the
speaker at 45°, the precedence effect will be partially overridden
(depending on the relative intensities of the two sounds) and the single
perceived sound will be localized at an intermediate position. If the two
sounds are separated in time by more than some upper limit (about 6 msec

for clicks) they are heard as separate sounds.

Wallach et al. (1949) examined the precedence effect in some detail under
headphone listening conditions where the acoustic stimuli were dichotic
~airs of clicks. The first dichotic pair of ¢licks was followed 2 msec

later by a second pair. The delay times of the two successive pairs were

antilateral, i.e., if for the first pair the left ear led in time, then o

for the second pair the right ear led. The interaural time difference
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between the second pair of clicks was set at a value between 0 and 600 :-E:ﬁ

msec and the listener adjusted the interaural time difference between the '“4;J

first pair to a value just sufficient to return the auditory image to the
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midpoint of the binaural axis. Wallach et al. found that small time
differences between members of the first pair were adequate to offset much
larger time differences between members of the second pair. In other
words, the time differences of the first pair were considerably more

effective than those of the second pair in influencing lateralization.

The foregoing discussion focuses on the matter of directional localization
of sound sources and the interaural acoustics on which it depends. It may
seem odd that so much attention would be given to the directional
component of the relative location of sound sources without even a mention
of the distance component, C(Certainly the latter could not be excluded
from any meaningful discussion of the localization of objects in visual
space. But then, if we mean by localization "pointing at" something
sensed, the relative direction and distance of an object in visual space
is given the instant it is seen, not before. By contrast, a source in

auditory space may be heard, its relative direction ascertained with fair

accuracy through head movements, and then its distance estimated only
poorly (vis-a-vis vision). The short wavelengths, apparent straight-line iﬁgjf
propagation, and high velocity of light make it an ideal carrier of -
distance information (1inear perspective, size, interposition, texture,

etc.), but the eye already must be aimed in the direction of the source if

this information is to be received. Sound within the human range of 11535

hearing, on the other hand, consists of relatively long wavelengths, bends
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around objects, and is propagated at a comparatively slow velocity. While
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it does not carry the rich distance information contained in reflected

Tight, it does permit the extraction of a high order of directional
information from the temporal and intensive differences that develop at
the two spacially separated and physically shielded (by the head and
pinnae) auditory receivers. Significantly, this system does not have to
be "aimed" at the source to locate its direction. But aiming movements of
the head appear to be the natural response to sounds originating from
outside the visual field, a response which serves to bring the eyes into
alignment with the source and thereby permit the pinpoint spatial analysis

characteristic of vision.

This is not to say that the auditory system is incapable of distance

perception. It does appear, however, that the distance cues available to

the binaural system enable no finer resolution of sound source distance
than that achievable by the monaural system alone. For example, the
curvature of a spherical wavefront produced by a low frequency source
changes as a function of distance from the source and this results in
interaural phase and intensity differences (for laterally located sources)
that also vary as a function of distance. These binaural disparities were
originally calculated by Hartley and Fry (1921) and measured by Wightman
and Firestone (1930) using an artificial head. They found that measurable
interaural phase and intensity differences changed as a function of

distance (for a source near 90° azimuth) out to at least 400 cm. Hartley

and Fry next carried out an experiment to determine whether listeners
could discriminate distances on the basis of these binaural disparities.
Negative results were obtained even when listeners were presented with
combinations of phase and intensity differences that exceeded any natural

condition.
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0f the monaural cues for sound source distance, it appears that intensity
is the one most utilized. In a free sound field the pressure of a
spherically spreading wave decreases by 6 dB for each doubling of the
distance it travels from the source due to diffusion and energy absorption
in the atmosphere. The intensity or sound pressure level of a sound at
the ears, however, is not an unambiguous cue to the distance of its
source. The intensive information must be supplemented by sufficient
contextural information (intensive, spectral, and temporal) to permit
recognition of the source. Otherwise, if sound sources are unfamiliar,
listeners are unable to discriminate between the distances of weak sources
that are near and strong sources that are far. Coleman (1962) made clear
the importance of familiarity for auditory distance estimation, and von
Bekesy (1949) showed that the judged distance of familiar sounds {speech)

increased as the intensity at the ears decreased.

Not only does the overall intensity of sound diminish as a function of the
distance it travels through the atmosphere, but the frequency spectrum of
sound also changes. Energy in the higher frequencies of propagated sound
is more subject to molecular absorption than that in the lower
frequencies. The result is a kind of filtering by the atmosphere which
alters the spectral content of sound in proportion to the distance it
travels, the energy contained in the higher frequencies being reduced by a
relatively greater magnitude. Thus, if a source emits a broad spectrum
sound, the relative proportion of high frequency energy will diminish as
the distance from the source increases. Again, however, the effectiveness
of this cue depends on the listener's familiarity with the sound (Coleman,

1963). For impulsive sounds, von Bekesy (1960) found that listeners
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estimated the distance to decrease as low frequency content increased. o

This effect was Timited to distances of about 1.2 meters.

An additional cue for distance occurs in spaces that contain reflective
surfaces. The intensity at the ears of a sound reflected off a surface,
relative to the intensity of the sound which travels directly to the ears,
increases as a function of distance. von Bekesy (1960) investigated the
effect of this cue on distance estimation. He varied the ratio of the
intensity of the reflected (delayed) sound to the intensity of the direct
sound and found that listeners perceive the sound as moving away from, or
toward, them in the predicted direction as the ratio changed. O0f course,
the delay of the reflected sound also varies as a function of distance
relative to that of the direct sound. Together, the relative delays and
intensities of reflected and direct sounds are referred to as
reverberation. The kinds of reverberation that will occur in any space is

peculiarly determined by the acoustic properties of that space, and cannot

be considered an unambigous cue to distance. Consequently, familiarity

with sounds heard in reverberant spaces is an important determiner of

distance localization. The monaural character of this cue is illustrated

in the well-known reverberation effect produced at a microphone in an

~ 3
enclosed room. The closer a speaker is to the microphone, the less the 3?5
reverberation. A radio listener can thus estimate the distance of a SR
speaker from the microphone more readily in a "live" room than in a .

neavily damped enclosure. ’ e
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4. How sensitive is the binaural auditory system to interaural time and g

intensity amplitude differences? . B
The binaura) resolving capacity of the auditory system is remarkable, iﬁ
especially in the discrimination of interaural time differences. For :gf?
example, in the frequency region, 500 to 1,000 Hz, interaural time - 4
L: differences of less than 20 usec can be discriminated (Durlach, 1972). In ;f_i
hl the case of long duration low frequency noise, binaural timme differences :V:;
on the order of 6 usec can be resolved (Tobias and Zerlin, 1959). :}
‘; Such findings are obtained by presenting stimuli through headphones to :ﬁi;
each ear. For tonal stimuli, if the variable of interest is the minimaily ,_‘f
discriminable time difference (at), the ratio of amplitudes at the two ;1€;
ears (a) and the reference interaural delay time (T) are set at one pair :;:;
of values and the listener attempts to detect a difference between tnis S;ﬁs
condition and a second one containing a small change in T. As the size of iéii
this change increases, discrimination performance improves. The magnitude f'~1
of the change in T required to reach criterion performance is the s
difference limen AT. In this kind of experiment, tones are presented for ;?_i
some duration (e.g., 300 msec) that is sufficiently long for temporal S
information to be extracted from the waveforms at the two ears. Delay :é
times of tones may be transformed to phase differences by means of the ;;Sé

relation 1 = o/2sf, where @ is phase angle in radians, f is tonal

freguency, and delay time T is in seconds.

7{"

Minimally discriminable interaural time differences (a4T) were determined

as a function of frequency by Klumpp and Eady (1956) and Iwislocki and
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2

é Feldman (1956). Both studies agree that, for T= 0, the relationship of

:i a to log-f is "V"-shaped and reaches its minimum value of aT -
(approximately 15 psec) at 1 kHz. For frequencies above 1 kHz, & T
increases rapidly such that, at about 15 kHz, a T becomes indeterminately
'- large, i.e., no temporal discrimination occurs. At frequencies below 1
kHz, a T gradually increases as frequency decreases. It is about 18 usec
at 500 Hz, about 30 psec at 250 Hz, and about S7 usec at 125 Hz. In temms : 'fi+

iﬂ of phase angle, the smallest discriminable difference (49) is __f

f_ approximately 2.3° at 125 Hz. From this point the value of ae increases

as a positively accelerating function as frequency increases toward 15 ©

B Al

kHz, becoming indeterminately large.

"y

The dependence of the minimally discriminable interaural amplitude 'fsi

e

difference (aa) on frequency was investigated by Mills (1960). It was -y

found that aa varied in an irreqgular fashion between roughly 1 and 0.4 dB ﬁ{,

-

in the frequency range 250 Hz to 10 kHz. Not only was there no systematic =

- "i

dependence of aa on f, but these binaural values of aa are of the same -

order of magnitude as amplitude differences that can just be discriminated e
monaurally. Apparently, the binaural system provides no advantage in ?

.

amplitude discriminability over the monaural. ~1

Hershkowitz and Durlach (1969a) examined closely the dependence of a and .;E

Aa on the absolute level (A) at the two ears (where a = A/A,. = 1), T

the interaural time delay (1), and the interaural amplitude ratio (a). ;Qiﬂ

Tonal frequency was constant at 500 Hz throughout all conditions. ."'ﬁ

Duration of the tone was 300 msec with a 50 msec rise-decay time. RS

2N
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The relationships of ATto A, and aa to A, were determined by setting T=
0 and a = 1 and then finding the minimal magnitude of change in Tand a
required for reliable discrimination (i.e., aTand aa) at each of a range
of values of amplitude between A = 10 and 75 dB SL. It was found that
both A and aa decreased as amplitude increased. The minimally
discriminable time difference (AY) decreased in a negatively accelerating
function and leveled off at approximately 10 usec at 40 dB SL. Increments
in A beyond this level did not result in any further decrease in a7, The
minimally discriminable amplitude difference (aa) decreased in a roughly
linear trend with a shallow slope from about 1.5 dB at 10 dB SL to about
0.5 dB at 75 dB SL. It is apparent, therefore, that interaural
discrimination of differences in both time and amplitude is better if the

signals at the two ears are well above the absolute threshold.

The relationships of aTto T, and aa to T, were determined by setting a« =
1 and A = 50 dB SL and then finding the minimal magnitude of change in

and o required for discrimination over a range of values of T between 0
and 1,000 uysec. For instance, if one of the 500 Hz tones presented to the
two ears was delayed by 400 usec on each trial, a change of nearly 20 usec
from the 400 usec delay was reguired for discrimination as compared with
about 10 usec (at) at a delay (1) of 0. In this manner, Hershkowitz and
Durlach (1969a) found that, as the interaural time delay increased from 0
to 400 usec (at 500 Hz), the magnitude of the just discriminable increment
47T increased from about 10 to 20 usec in an approximately linear trend.

In other words, discrimination of interaural time differences is almost
twice as good at T = 0 as it is at T = 400 usec for 500 Hz signals. In
the case of the minimally discriminably amplitude difference {4a), it was
found that se remained approximately constant at about 0.9 dB across all

61
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values of T between 0 and 1,000 ;sec. That is, discrimination of ;xﬁ
interaural amplitude differences is insensitive to interaural time jij
delays. » | ' kié
The relationships of AT to a, and aa to a were determised by setting the fi?

- level of the tone in the left ear at 50 dB SL and then reducing the level 51;
4f at the right ear. At each value of a = A]/Ar, the magnitudes of AT ;?f
iﬁ and aa required for discrimination were determined. It was found that as :ﬁ;
ij a increased from 0 to 30 dB, the magnitude of the change in interaural ;f?
. time differences that is just discriminable (aT) increased as a positively i;j
accelerating function from about 10 usec at a = O to more than 100 usec at -1

a = 30 dB. Clearly, discrimination of interaural time differences is best f}i

if the levels at the two ears are equal, but this temporal discrimination ;ﬁ?

is remarkably stable, being only slightly affected by an amplitude ;:j

imbalance of as much as 20 dB. In the case of the minimally discriminable lif}

amplitude difference (aa), it was found that aa remained approximately :#;

constant at about 0.8 dB as o« was varied from 0 to 55 dB, a very large f;;j

interaural imbalance. 'z

Hershkowitz and Durlachs' findings indicate that sensitivity to changes in : f?ﬁ

interaural time differences is best under the following conditions: (1) ;Ziﬁ

at moderate to moderately high amplitudes; (2) when the change in T to be giﬁ

detected is made from T= 0 rather than from t> 0; and (3) wheh the Tﬁf

levels in the two ears differ by no more than 10 to 20 dB. Findings (2) ;iiﬁ

and (3) were confirmed in all important respects by Domnitz (1973). :Zﬁ

Hershkowitz and Durlachs' findings also show that sensitivity to changes ;;ﬁ

in interaural amplitude differences is better the more intense the two iij

Sy

]




LT TP A e T T C e cem s oo o _—
PraTE T AT I T T T T - —— v

NAVTRAEQUIPCEN 80-D-0011/0037-~2

signals, and that neither time delay nor severe interaural amplitude

imbalance affects this discriminability.

Since, for small to moderate values of AT and Aa (where T =0, a = 1), and
levels of A > 6 to 10 dB SL, the ratio A /aa is comparable with the L
time-intensity trading ratio obtained from lateralization experiments (see |
question no. 5), it is commonly argued that the sensory cue responsible

for the at and aa discriminations is a change in position of the auditory i 4
image along the phenomenal plane running between the two ears, i.e., a
lateralization cue. Whether or not changes in lateralization are S
responsible for AT and aa, there can be little doubt that interaural time

and intensity differences are necessary for observations of (1)

lateralizations of auditory images, and (2) azimuth locations of apparent
sound sources. Sensitivity to azimuth should, therefore, be largely

accounted for in terms of sensitivity to atT and aa.

Data supporting this idea was obtained by Mills (1960, 1972) who found

that sensitivity to azimuth (minimum audible angle, a$) can be accounted

SRS
for in terms of discriminability of interaural time (or phase angle) for ;"i-q
frequencies below 1.5 kHz, and in terms of interaural ampiitude

differences for freguencies between 1.5 kHz and about 5 kHz. For

frequencies above 5 kHz, Mills found that sensitivity to azimuth was less ?:f;é

than that predicted by discriminability of interaural amplitude

differences. It is not clear why the latter result occurs. These data

apply only to angles of azimuth with the medial axis as the reference
point. That is, an actual source located at a point in space directly in

front of the observer was moved laterally to the position at which the

observer was just able to detect a change in azimuth. Interaural phase
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angles (Aoa) and amplitude differences (Aua) produced at the two ears

were measured for each discriminable displacement of the source (a¢). The

values of 80, thus obtained paralleled those from headphone experiments,
although the former were slightly smaller at each signal frequency.
Between 1.5 kHz and 5 kHz the values of ba, also coincided closely with
those obtained from headphone experiments. It therefore appears that
discriminability of the angular direction of tonal sound sources can be
attributed to the interaural time and intensity differences that occur as
a result of diffraction of low frequency sounds around the head and the
“sound shadow" created by the head at the higher frequencies. These
findings are also consistent with those obtained in experiments on

localization (see question 3).

Binaural resolution of interaural time differences depends not only on the
reference value of 1, the interaural amplitude ratio a, and the signal
frequency, but also on the duration of the signal. Tobias and Zgrlin
(1959) found that, for low-pass pulsed noise signals, at decreased from 24
to 6 usec as pulse duration increased from 8 to about 700 msec at which
point no further decrease occurred. It appears that 6 usec is the

smallest value of AT that has been reported.
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5. How do interaural time and intensity differences "trade" in determining

the lateralization of sounds?

Under free-field listening conditions, if a single sound source in the
horizontal plane were displaced to one side of a listener's head,'the ear
on that side would lead the opposite ear in time of arrival of the sound.
Also, if the sound contained components sufficiently high in frequency to
reduce diffraction around the head, the ear oriented toward the sound
source would receive a greater intensity of sound. [In this case, both
interaural time and intensity differences would locate the sound source in
the same general direction relative to the orientation of the listener's
head in the sound field. Changes in either the location of the sound
source or the orientation of the listener's head would result in
positively correlated variations in interaural time-intensity

differences.

In the case of multiple sound sources, variations in interaural
time-intensity differences may not be positively correlated (Sandel et
al., 1955). That is, the intensity at one ear may exceed that at the
contralateral ear while the latter ear may lead in time. In such a case,
these two interaural cues are opposed ("antilateral") and the auditory
image may be diffused, or it may be split into several images located at
different places along the phenomenal plane that corresponds to a line
between the two ears, or it may remain a compact image that is merely
shifted by some amount to the right or left of the midpoint of the
phenomenal plane between the ears. If the amount by which one ear leads

the other in time is precisely counter-balanced by a greater intensity at
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the other ear, the image may be located at the midpoint. The magnitudes

of these opposing interaural time and intensity differences required to
counter-balance each other has come to be known as the time-intensity

"trade-off."

It appears that the earliest reports on time-intensity trading were due to
Hornbostel and Wertheimer (1920), and Klemm (1920). These researchers
presented "clicks" to the two ears with a small delay (e.g., 100 msec)
imposed between the arrival times of the two clicks in each pair. They
found that, within 1imits, the displacement of the acoustic image toward
the leading ear could be counteracted by increasing the relative intensity
of the click presented to the non-leading ear. Some value of the ratio of
intensities at the two ears could be found for which the displaced image
(due to a time difference) would be restored to the midpoint of the plane

between the ears.

Shaxby and Gage (1932) studied antilateral time-intensity trading by means
of low frequency tones rather than clicks. Instead of varying interaural
differences in time of arrival of the leading edges of transient sounds
(clicks), Shaxby and Gage varied the interaural phase difference between
tones presented through headphones to the two ears. The relationship
between interaural phase and time may be stated as ¢ = 2xfT1, where ¢ is
the phase angle in radians, f is the frequency of the two tones, and T is
the time delay between corresponding points on the two waveforms. For
example, the period of a 500 Hz tone is 2 msec. If a 500 Hz tone is
oresented to each ear, one of which leads the other by T = 1 msec, then
the interaural phase angle is @ = » radians, or 180°. Similarly, ifT =
0.5 msec, then @ = 1/x radians, or 90°. Obviously, if t is held constant
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and frequency is changed, ¢ must also change, e.g., a 0.5 msec delay

between 1 kHz tones would be represented by a phase angle of » radians.

Shaxby and Gage determined the value of ¢ required to counter-balance a
displacement of the auditory imagé (“lateralization") induced by an
antilateral intensity difference at the two ears. They found that, for a
given interaural intensity difference, as frequency increased so too did
the value of the interaural phase angle necessary to restore the image to
the midpoint position. By solving for T = o/2xf, Shaxby and Gage
determined that, regardless of the values of f, tremained approximately
constant for each interaural intensity difference. That is, in order to
counter-balance a given intensity difference, a given time difference was
required regardless of the frequency of the two inputs. Their results
thus indicated that time-intensity trading is insensitive to frequency.
This should not be taken to mean the time-intensity trade can be
accomplished by means of interaural phase shifting at any frequency. As
shown by Hughes (1940), the binaural system is insensitive to interaural
phase differences for frequencies above approximately 1.5 kHz (also see
Klump and Eady, 1956; Zwislocki and Feldman, 1956). Of course, this
frequency limitation does not apply if the interaural time difference is

created by the leading edges of two acoustic transients such as "clicks."

A parametric study of time-intensity trading with click stimuli was
conducted by Deatherage and Hirsh (1959). They set the intensity levels
of the clicks delivered to the two ears at some difference value and then
determined the magnitude of the time delay necessary to restore the
auditory image to the midpoint position. Intensity and time differences
were antilateral, i.e., the ear opposite the one receiving the click of
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greatest intensity led in time. The more intense click was set at one of
three levels (40, 60, or 80 dB) and the other click was set at some lesser
magnitude. Intensity differences ranged between 0 and 30 dB. The amount
by which the less intense click had to precede the arrival time of the
more intense click to achieve a return of the image to midpoint was found
to increase as a function of the magnitude of the intensity difference.
For intensity differences larger than about 6 dB, the magnitude of the
required time delay increased nearly linearly with increases in intensity
difference. Furthermore, at the greater intensity levels (e.g., 80 dB), a
given time delay would counter-balance a larger intensity difference. For
example, a time delay of 0.5 msec would counter-balance an intensity
difference of only about 5.5 dB if the more intense click were 40 dB, but
the same delay would counter-balance an intensity difference of about 19
dB if the more intense click were 80 dB. This indicates that the
effectiveness of interaural time differences is gréater for intense than
weak stimuli. Essentially the same conclusion was reached by David et al.
(1959) who found that, for intense stimuli, interaural time differences
were on the order of 5 times more effective in counter-balancing

lateralization displacements due to interaural intensive differences.

Although the above studies were carried out under conditions where stimuli
were delivered through headphones, they indicate the importance of
temporal cues in the localization of sources of pulsative, or transient,
sounds containing high-frequency energy. Cherry and his colleaques
(Leakey et al., 1958; Cherry and Sayers, 1959), in the course of their
research on binaural "fusion" of sounds of differing freguency content,

also concluded that the localization of high freguency transient sounds
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may depend on differences in the times of arrival of the sharply rising
leading edges of such sounds at the two ears. These studies indicated
that the effectiveness of interaural time differences between transients

depends not only on intensity, but also frequency content.

The influence of frequency content on time-intensity trading was examined
directly by Harris (1960). The stimuli were pulses containing energy
either below 1 kHz or above 4 kHz. He found that, for low-frequency
pulses, a smatler interaural time difference was required to
counter-balance a given antilateral intensity difference than was required
for high-frequency pulses. The relationship between time delay and
intensity difference was approximately linear for both pulse types. Time
delay increased at a rate of 25 usec per decibel intensity difference for
low-frequency pulses, and at a rate of 60 usec per decibel for high-
frequency pulses. Time differences at low frequencies were thus found to
be more effective in counter-balancing interaural intensity differences

than time differences at high frequencies.

Recent investigations of the time-intensity trade have employed signal
detection methodology and focused on detectability of differences rather
than lateralization. In the latter case, the listener determines the
magnitude of an interaural time difference (or intensity ratio) that is
required to counteract the lateral displacement of the auditory image
induced by an antilateral interaural intensity difference (or time
difference). If the time-intensity trade were perfect, the auditory image
would be restored precisely to the midpoint position along the phenomenal
plane between the two ears. Presumably, this central position of a
‘~lanced trade-off is precisely the same as the location of the auditory
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image under conditions of diotic signal presentation, i.e., when the
signals at the two ears arrive simultaneously, in phase, and at identical o]
amplitudes. Consequently, discrimination on the basis of lateralization .;:E
between the diotic condition and the completely balanced trade-off

condition should be nill, The auditory images should be located at the

same phenomenal position under both conditions. Furthermore, as -E%E
time-intensity combinations depart from balance, discriminability between ;f;;
the diotic and unbalanced trade-off condition should improve. This is, ifj
essentially, what Hafter and Carrier (1972) found. ;;ii

| =
Discrimination performancd improved as the time-intensity values of tonal :jfj
pulses (500 Hz tones of 125 msec duration at 70 dB SL) departed from the éﬁ;
point of balance. However, discrimination performance at the points of fi}:
balance in Hafter and Carriers’ study increased as the values of time and :::;
intensity differences became large. That is, even at the points of ';g
balance, the diotic and trade-off conditions were discriminable at large i}
values of interaural time and intensity differences. While the trade-off :;;;
values of time and intensity taken from Hafter and Carriers' balance -32
points correspond well with those from the lateralization experiments, the :Qi
discriminability obtained for the larger magnitude trade-offs seems ;T:}

somewhat problematic. Perhaps this was due to split or diffuse auditory

images such as those repprted in the older literature for large interaural
time-intensity differences. Other discrimination studies of the ;.1}
tradeability of interaural time and intensity (e.g., Babkoff et al., 1973;
Gilliom and Sorkin, 1972; Hershkowitz and Durlach, 1969b) are in general

dgreement with these results.
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|
; There are several conclusions to be drawn from the data on time-intensity 'j
trading that may be important for acoustic displays, especially displays ;;
through binaural headphones. For low frequency tones (below 1,500 Hz), :5
the value of the interaural phase angle (o) needed to balance a given %i?
interaural intensity difference increases as a function of frequency. ;i
However, this relation is such that the value of the interaural time delay !;
(7= o/2+f) is independent of frequency. This means that, regardless of :
signal frequency, displacements of lateralized tonal images due to given Lﬁ;
intensity differences at the two ears may be balanced by given antilateral r
time differences. This frequency independence of the time-intensity i'
relation does not hold, however, for transient sounds, e.g., "clicks." In ;__
the case of such sounds, a given time difference will counter-balance a ’?i
larger intensity difference at low frequencies than at high frequencies. f:{
"
Generally, the time-intensity trade is such that, as the interaural e
intensity difference increases, the magnitude of the time difference Ef?
needed to réstore the auditory image to its medial location also éf:
increases, nearly linearly for intensity differences greater than about 6 -
dB. Furthermore, the effectiveness of time differences in offsetting
intensity differences improves as the absolute intensities at the two ears ;
increases, i.e., time differences are more effective for intense sounds. :f
Also, if time-intensity values are not large, and if they are completely
balanced, the image is not discriminably different from the diotic i;;
condition, i.e., the condition in which no interaural time or intensity 1?%
differences exist between binaural inputs. E}:
.
7 .
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What are the limits of auditory freguency discrimination?

Since the original work by Knudsen (1923) on the discriminability of
frequency differences between tones, the question of frequency resolution
in the human auditory system has been examined from several points of view
and by means of several psychophysical methods. Regardless of theoretical
approach or experimental method, all studies agree that absolute freguency

resolution is best at low frequencies {(below about 1,000 Hz) and decreases

as a function of increasing frequency.

An early study on tonal frequency discriminability that remains, perhaps,
the most definitive work on the subject was contributed by Shower and
Biddulph (1931). They found that the difference limen (DL) for freguency
is dependent upon both frequency and intensity above absolute threshold,
i.e., sensation level (SL). At all frequencies, as SL increases, the
frequency DL decreases. For example, at a signal frequency of 250 Hz the
absolute DL was found to be approximately 9 Hz at 5 dB SL, 5.5 Hz at 10 d8
5L, 3.3 Hz at 20 dB SL, 2.8 Hz at 40 dR 5L, and 2.4 Hz at 60 dB SL. Thus,
it appears that the auditory system differentiates among frequencies more
finely, its resolving power i: areater, if the intensities of the
frequency components are substanticzilv above absolute threshold, i.e., up

to about 20 dB SL. Little further imprivement in freguency resolution

occurs beyond this level.

Shower and Biddulph alsc found *hat tke apsplute value of the freauency
aiiference limen varies =< a funci oo ~f fooquercy, Tor a fixed value o

“t, as frequency increases up to ztout 1,000 Hz, the absolute OL remains
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approximately constant. However, as frequency increases above 1,000 Hz,
| the absolute frequency difference required for discrimination increases
E approximately linearly. While this says, for example, that the absolute
DL at 4,000 Hz will be about twice as great as the DL at 2,000 Hz (roughly
30 Hz as compared with 16 Hz for an SL of § dB8), it should be pointed out
: that, in a relative sense, frequency resolution is actually about the same
at 4,000 Hz and 2,000 Hz. That is to say, the ratio of the absolute DL to
the base frequency ((fc - fo)/fo; Weber fraction or relative DL) is
approximately equal in these cases. In fact, there is little improvement
in the relative DL with increases in frequency above about 1,000 Hz.
Below this frequency, though, as frequency increases the relative DL
improves dramatically. For example, for a fixed SL of 5 dB, as frequency
t increases in the steps 125 Hz, 250 Hz, 500 Hz, 1,000 Hz, 2,000 Hz, and

4,000 Hz, the relative difference limen decreases in the steps 0.0625,

! 0.0360, 0.0170, 0.0095, 0.0080, 0.0065.

In a sense; the relative frequency DL may be taken as an indication of the
efficiency of tuning in the auditory system. By comparison, the absolute
frequency DL may be taken as an indication of the acuteness of fregquency

4 resolution in the auditory system. Both quantities are indicators of

frequency selectivity.

The relationships between DL, SL, and frequency obtained by Shower and

Biddulph were, essentially, duplicated by Harris (1952) who employed a

different psychophysical procedure. Shower and Biddulphs' listeners

detected just noticeable pitch changes in a tone that was "warbled" in - :;
frequency, i.e., the tone oscillated in frequency between two values, fo :i;§.
and f_, at a fixed rate. Harris' listeners judged whether the second of St
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two successively presented tones was of a "higher” or "lower” pitch than

the pitth of the first tone. While Harris' data display the same —

relationships among the variables DL, loudness level, and frequency as do E;i

the data of Shower and Biddulph, Harris' absolute DLs are somewhat smaller :féi

!- and thus may indicate better frequency resolution. It seems likely that Efi
;, this difference in the absolute DL for frequency was the resuit of ';f
5 methodological differences, if not greater practice received by Harris' 1}
‘z lTisteners who were reported to have been trained observers. It has been ffj
- shown that the DL for frequency can be reduced through practice (Campbell i?
} | and Small, 1963). |
o

- .y
f; Utilizing a procedure adapted from signal detection methodology (the Tfj
- two-alternative forced-choice task), Henning (1967) examined the ;Ef?
relationship between discrimination performance and signal-to-noise ratio ::::

(S/N) at signal frequencies of 250 Hz, 1000 Hz, and 4000 Hz. He found §'E

that performance (percent correct discrimination of a constant frequency fé;

difference, af) improves as S/N increases, reaching asymptotic levels | :::

determined by the value of af. Larger values of af were found to yeild ;5¥E

higher performance asymptotes. This improvement in frequency . ?t;@
discriminability with increasing S/N is consistent with the findings of ;,;

Shower and Biddulph (1931), and Harris (1952), assuming that variations in

sensation level, loudness level, and signal-to-noise ratio are effectively

R AR
. R N

the same. This is a reasonable assumption if the "quiet" condition for
the absolute threshold is actually one in which low-level noise is present
(as Shaw and Piercy, 1962, have shown it to be), and if discrimination
performance is dependent on S/N rather than absolute values of signal and

noise (as Henning, 1967, has shown it to be). Henning (1967) also found

74

L

.....................
............

S . ' :
B . . M

. I IR T . . KPR

P . T . : ) 5 )

SRR BRI IO nﬂ-n'l R

woat.ta’ald —— b v B A nntmad ST Y PO S



NAVTRAEQUIPCEN 80-D-0011/0037-2

that frequency discriminability is not independent of the performance
level at which the frequency DL is taken, i.e., larger aAf values are
required to achieve higher levels of performance for a constant value of
S/N. In a later study, Henning (1973) found that the S/N required to
achieve a given level of discrimination performance can be reduced under
binaural listening conditions if the signals are presented out-of-phase at

the two ears.

Tone duration also may influence the size of the frequency‘DL if stimuli
are brief. According to Henning (1970), the frequency DL decreases as
duration increases up to 50 msec for 250 Hz and 1000 Hz tones, but up to

only 25 msec for 4000 Hz tones.

In all of the above experiments care was taken to insure that the ear was
not stimulated by a complex sound, e.g., the sum of two or more pure tones
presented simultaneously. Investigators were interested in determining
the maximum resolving power of the auditory system uncorrupted by complex
combination effects induced by simultaneously present tones. Other
investigators, however, have been interested in determining how acutely
the auditory system can differentiate among the frequency components of
such complex inputs. While such studies tell us less about the maximally
achievable resolving capacity of the auditory system, they may tell us
more about the degree of resolution that can be expected in response to

realistically complex sounds.

In one such study, Plomp (1964b) presented a complex of two tones to

Tisteners and had them determine which of two probe tones most closely

matched either the higher or lower tone in the complex. The probe tones
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were not "on" at the same time as the complex. Listeners controlled
presentation of the three sounds by means of a 3-way switch. The middle
position turned on the complex sound, and the right and left positions
each turned on one of the two probe tones. The frequency of one probe
tone was set equal to one of the components of the complex sound, and the
frequency of the other probe tone was set midway between the two
components of the complex sound. Listeners had to decide which probe tone
matched one of the complex sound components. The variable of interest was
the minimum frequency separation between these components which was
necessary for listeners to achieve criterion pefformance in selecting the
matching probe tone. The smallest value of the frequency DL obtained by

Plomp (1964b) was about 22 Hz at 200 Hz. For frequencies below 200 Hz,

the DL increased dramatically indicating that frequency selectivity is
relatively poor for low frequency tonal components of complex sounds, at
least in discrimination tasks such as that employed by Plomp. For
example, at 100 Hz, a DL of nearly 37 Hz was required for a successful
match. By comparison, the pure tone resolutions obtained by Shower and
Biddulph (1931) and Harris (1952) in this frequency region ranged between

approximately 2 Hz and 9 Hz, depending on the effective tonal intensity.

Interestingly, at these low frequencies, with separations of complex sound

components less than 30 Hz, nearly all of the matches obtained by Plomp ,iﬁi
corresponded to the intertone setting. These results were confirmed by i;ji
Nordmark (1978) by means of a slightly different procedure. S??ﬂ

R
Above 200 Hz, Plomp's (1964b) DLs were approximately symmetrical (on }Zﬁj
log-frequency) with the DLs he obtained at low frequencies. At 100 Hz the ;zgi
DL is about the same as the DL at 500 Hz. As frequency increases beyond 'jﬁ?
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500 Hz, the DL continues to increase such that it is approximately 78 Hz f;VV;%

at 1,000 Hz, 175 Hz at 2,000 Hz, and 480 Hz at 4,000 Hz.

Terhardt (1968) also investigated the problem of 2-tone discriminability.
His procedure required listeners to decide whethér a complex, beating
sound consisting of two frequency components could be assigned one, or
two, pitches. As the frequency components of the complex sound were moved

farther apart, their individual resolution improved. In this case, the DL

represents that separation in frequency between the components of the
compliex af which the listener's judgements changed from 1 to 2 pitches.
This would seem to be a somewhat easier task than that employed by Plomp,
and, not surprisingly, Terhardt's DLs are slightly smaller than those

obtained by Plomp. Above 500 Hz Terhardt's data parallel those of Plomp,

increase as frequency decreases below 200 Hz, Terhardt's continue to

decrease reaching a DL of about 18 Hz at 100 Hz.

Plomp and Mimpen (1968) extended the technique employed by Plomp (1964b)

to the determination of the frequency separability of the harmonics of

compiex sounds. As in the earlier study, listeners operated a 3-way
switch to select 1 of 2 probe tones that equalled in frequency one of the

harmonics of the complex sound. The other probe tone was set at a

but, below 200 Hz the two sets of data diverge. Whereas Plomp's DLs

t

l frequency midway between this harmonic and the next higher, or lower,

% harmonic. Plomp and Mimpen found that their listeners were able to ffﬁfq
distinguish no more than 5§ to 7 harmonics of a complex sound. Plomp and fiii:

! Mimpen hypothesized that harmonics can be distinquished only if the i_

; frequency separation is greater than the width of a critical band
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(discussed below). This hypothesis was confirmed by Soderquist (1970) who

used in-harmonically related tones to compose his complex sounds.

Parenthetically, it should be pointed out that even experienced listeners

have great difficulty in identifying which, of a complex, tones are

present, or in determining how many tones are contained in a complex . f;}
g (Thurlow and Rawlings, 1959; Pollack, 1964). It appears that the probe
tone in Plomp's procedure aided in selecting components. Such was found Ll

to be the case by Thurlow and Bernstein (1957).

Reference was made above to the hypothesis that frequency resolution of s

the harmonics of complex sounds is limited to the width of the critical

band. The notion of the critical band was introduced into auditory theory
forty years ago by Fletcher (1940). He assumed that, in detecting tonal iij:
signals in noise, the auditory system functions as a bandpass filter the f:
output of which is influenced only by inputs with frequency components e
that fall within the bandwidth of the filter. This idea was used to iifi

account for the differential masking of pure tones by noise (Fletcher,

1940; Hawkins and Stevens, 1950; Bilger and Hirsh, 1956) i.e., as tonal
frequency was increased, it was found that the signal-to-noise (S/N) ratio
had to be increased in order for the signal to remain detectable at the
masked threshold. Fletcher accounted for this by showing that the width
of the critical band increased as a function of frequency (see Question
1). Thus, at higher frequencies larger S/N ratios were required to reach
the masked threshold because the critical bandwidth was greater and this
permitted more noise to mask the signal. Fletcher assumed that, at the

masked threshold, the power of the signal equalled the power of the noise
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contained within the critical band, i.e., S = NNO, where S is signal
power, N0 is spectrum level of the noise, and W is the rectangular
equivalent of the critical bandwidth. From this “equal power" assumption,
bandwidth was readily calculated from the S/N ratio required for the
masked threshold, i.e., W = é/N0 (also referred to as the critical

ratio). This was the indirect approach to determinations of critical
bandwidth employed by many early investigators. A plot of W (éritica]
ratios) against f shows essentially the same relationship as thét found
for the absolute freguency difference limen (DL) by Shower and Biddulph
(1931) and Harris (1952).

Following Fletcher’s example, a number of investigators undertook to
measure or estimate the critical bandwidth utilizing a variety of
experimental techniques (e.g., Shafer et al., 1950; Webster, et al., 1952;
Iwicker, 1952; Gassler, 1954; Iwicker and Feldtkeller, 1955; Bauch, 1956;
Hamilton, 1957; Zwicker et al., 1957; Plomp and Bouman, 1959; Scharf,
1959, 1961; Swets et al., 1962; Greenwood, 1961a, b; Jeffress, 1964;
Green, 1965; Bourbon et al., 1968; Mulligan et al., 1968; Carterette et
al., 1969; Mulligan and Elrod, 1970b; Patterson, 1971, 1974, 1976;
Margolis and Small, 1975; and Patterson and Henning, 1977). For the most
part, what emerged were functions which, though relatively flat below 500
Hz, increased as a function of frequency. Generally, the obtained
relationship between critical bandwidth and center frequency (see Table
VI-1) parallel that obtained on the basis of Fletcher's critical ratio,
except at frequencies below about 200 Hz, However, the bandwidths
obtained by many (e.g., Iwicker et al, 1975) are about twice as wide as

the rectangular bandwidths calculated from masked threshold at freguencies
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TABLE VI-1. CRITICAL BANDWIDTHS AT THE INDICATED CENTER FREQUENCIES

Ak Center and Cutoff Frequencies AP
90 20 65 90
90 110 155 95
95 200 250 95
100 295 345 105
108 395 450 110
120 503 560 130
130 625 690 140
145 755 830 150
160 900 980 175
190 1,060 1,155 200
210 1,250 1,355 225
240 1,460 1,580 255
270 1,700 1,835 295
320 1,970 2,130 350
380 2,290 A 2,480 420
450 2,670 2,900 500
560 3,120 3,400 620
680 3,680 4,020 760
840 4,360 4,780 920
1,000 5,200 5,700 1,150
1,300 6,200 6,850 1,550
1,800 7,500 8,400 2,100
2,400 9,300 10,500 2,800
3,300 11,700 13,300 4,000

15,000 17,300

From Zwicker et al. (1957)
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above 200 Hz. The basis for this difference may be that the shape of the

'i auditory filter function is not rectangular (Patterson, 1971, 1974, 1977;
: Patterson and Henning, 1977), in which case the skirts of the filter

Eg function spread over a broader range of frequencies than that encompassed
ii by the equivalent rectangular bandwidth. Patterson's findings indicate

that the filter function is symmetrical about its center frequency,
dropping off sharply as distance away from the center frequency

increases.

. T
‘:'-:-l IO

Critical bandwidth, however it is obtained, does represent a kind of

frequency selectivity that may be manifest in the perception of complex

v RIS TRE 90

sounds. For example, Plomp and Levelt (1965) showed that tonal consonance

can be accounted for in terms of the critical bandwidth. Tones falling
within one critical band of each other were found to be judged as
dissonant, while tones separated in frequency by more than one bandwidth

were judged as consonant. We have already become acquainted with the

study by Plomp and Mimpen (1968) who found that, of the 5 to 7 harmonics
of complex sounds that may be distinguished by human listeners, the Sﬁﬁ
frequency separation of these harmonics must be on the order of one jf;q

critical bandwidth. —

Fletcher (1940) hypothesized that frequency discrimination is related to

the critical bandwidth by a constant proportion. If such were the case, :7:%
it would be expected that bandwidth would depend on the relative intensity ziig
of tonal signals in the same way that the frequency DLs of Shower and E;Zé
Biddulph (1931) and Harris (1952) were found to decrease as effective ?2?]
intensity (SL or loudness level) increases. This was the theoretical Egig
]
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result from masking data obtained by Mulligan and Elrod (1970b). Rather
than a fixed critical bandwidth centered on each frequency, bandwidth
varies as a function of both center frequency and S/N ratio. For any
center frequency, as S/N ratio increases, auditory bandwidth decreases.
It should be noted that Green (1960) obtained evidence suggesting that,
for noise signals, the width of the authority passband at any center
frequency may increase beyond its minimum (or sum outputs of adjacent

bands) to encompass signals that exceed one critical bandwidth.

In summary, it appears that the ear does not obey strictly Ohm's law, as
was pointed out by Pollack (1964). Although the auditory system is
capable of an extraordinary degree of frequency resolution, as in the case
of the DLs obtained by Shower and Biddulph (1931), this capability seems
to vanish in the case of complex waveforms such as those employed in some
of the experiments reviewed here. It seems that some sort of probe tone
is necessary for listeners to identify the 5 to 7 harmonics reported by
Plomp and Mimpen (1968). Without such a probe, listerers fail to select
out the components of complex sounds (Thurlow and Rawlings, 1959).

. Furthermore, resolution of harmonics requires that they be separated in
frequency by widths in excess of one critical band (Soderguist, 1970).
Within critical bands the ear effectively integrates acoustic energy and
it seems necessary to take the critical band as the 1imit on frequency

resolution of complex sounds.
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"~y
7. How is monaural intensity discrimination related to the frequency and

intensity of tonal inputs? »

Although first examined by Knudsen in 1923, the classical study of

monaural intensity difference limens for tones was carried out in 1928 by

Riesz. His procedure required listeners to detect the occurrence of beats Z?;ij
produced by two tones spaced closely together in frequency, e}g., 1,000 Hz ;;'%ﬁ
and 1,003 Hz. The intensity of one of the tones would be increased to the [
point at which the listener noted slow variations in loudness. The O

magnitude of the intensity increase was taken as the intensity difference

limen. Although it is questionable whether the detection of beats is a
valid criterion for just discriminable intensity increments, Riesz's

findings have continued to be of interest to the present.

Riesz found that the magnitude of the intensity increment required for

beat detection varies as a function of the frequency and the intensity

above absolute threshold (sénsation level in dB) of the primary tone. As
the sensation level (SL) increases from about 5 to 40 dB, the size of the ;;iéu
relative intensive difference limen (also in decibels) decreases roughly U
exponentially and then levels off for SL above 40 dB. The rate of gfj*f
decrease depends on the frequency of the primary tone. At any SL, the e
magnitude of the difference limen is a function of frequency, decreasing
in size as frequency increases from 35 Hz to 4 kHz, and then reversing

direction for further frequency increments. For example, the relative

intensive difference limen for a 35 Hz tone decreases from about 5.5 dB at

a SL of 15 dB to about 1.8 dB at a SL of 40 dB, while that for a 4 kH2
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tone decreases from about 1.4 dB to about 0.5 dB over the same range of

SL.

Generally, Riesz's data shows that relative intensity discrimination
improves dramatically as intensity increases from low to moderate levels
with 1ittle further improvement beyond about 40 dB above absolute
threshold. However, the magnitude of the relative difference limen at any
value of SL depends on frequency, diminishing up to 4 kHz and then
increasing with further increments in frequency. At all frequencies above
about 70 Hz the relative intensity difference limen is less than 1 dB for
intensities greater than about 40 dB above absolute threshold. The
general nature of these relationships, although not the precise values, is
consistent with the findings of some more recent investigators (Miller,

1947; Tonndorf et al., 1955; Zwicker and Feldtkeller, 1967).

The term "relative difference limen" may leave the reader with some
misunderstanding of Riesz's findings if it is not distinguished from
"absolute difference limen." In words, the relative difference limen in
decibels is ten times the logarithm of the ratio: the intensity increment
(al) plus the primary intensity (I) divided by the primary intensity (10
Log (aI + I)/I). The absolute difference limen in decibels is ten times
the logarithm of the ratio of the intensity increment to the absolute
threshold (10 Log AI/IO). Whereas the relative limen decreases and then
levels off as intensity in decibels above absolute threshold increases,
the absolute limen increases (at first positively and then nearly
lTinearly) with increases in intensity (Miller, 1947). The linear

relationship between the absolute limen and intensity for moderate to high
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levels indicates that the just detectable intensity increment is a
constant ratio of the primary intensity, as required by Weber's law. This
relationship also may be regarded as a masking function if Al is viewed as
the increment in signal power required for detection against a background
level Io‘ Indeed, the curve on which Miller plotted his intensity DLs

for noise stimuli, was originally generated by Hawkins and Stevens (1950)
to describe the masking of tones and speech by white noise. The
equivalence of masking and intensity (or amplitude) discrimination has

been examined more recently in some depth by Henning (1969).

A noteworthy departure from previously reported relationships between the
intensity difference limen and intensity of the primary input was reported
by Rabinowitz et al. (1976). Based on a summary of the results of a
number of studies they observed that intensity discriminability improves
as intensity increases up to about 10 d8 above absolute threshold, levels
off as intensity increases to about 40 dB SL, and then again improves
slightly with further increases above 40 dB SL. Similar departures from
Weber's law were found for increases in intensity above 25 dB SL by McGill

and Goldberg (1968), and by Viemeister (1972).

Perhaps the most interesting departure from Riesz's findings on tone
intensity discrimination was reported by Jesteadt et al. (1977). Their
procedure required that listeners detect intensity increments in a single
tone (pulsed sinusoid) rather than intensity fluctuations (beats) between
two closely spaced tones (3 Hz difference) as required in the Riesz
study. Jesteadt et al. found that the relationship between the relative

intensity difference limen and tonal intensity was independent of
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frequency over the range 200 Hz to 8 kHz. This suggests that the beat
detection method employed by Riesz may have introduced a

frequenc y-dependent component into their difference 1imen data. However,
Jesteadt et al. did confirm the general finding of Riesz that relative
intensity difference discrimination improves as a function of intensity
above absolute threshold, or SL. Even here, however, Jesteadt et al.s'
findings differed somewhat from those of Riesz, i.e., the range of their
difference limens was smaller and, consequently, the rate of change of the
difference limen with increases in SL was not as dramatic. At low values
of SL, relative difference 1imens were smaller than those of Riesz (1.6 dB
as compared with 3 dB at 1 kHz and 5 dB SL). At higher values of SL,
1imens from the two studies were approximately the same (0.5 dB at 80 dB
SL). Difference limen values from Jesteadt et al. are given in Table

VII-1.

At present it is not entirely clear why Riesz's discrimination data were
frequenc y-dependent while those of Jesteadt et al. were not. 1In any case,
it appears certain that the general relationship between the relative
intensity difference limen and sensation level reflects some small
improvement in intensity resolution as intensity of input increases.
Incidentally, intensity resolution of brief tonal signals has been shown

to improve as signal duration increases (Henning, 1970).

Based on the values given in Table VII-1, it can be expected that
intensities differing as much as about 1 dB may be monaurally resolved if
the input intensity is greater than about 40 dB SL under quiet listening

conditions. It should be noted here that Hershkowitz and Durlach (1969a)
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TABLE V1I-1.
;_
Tabled values determined from equations used by Jesteadt et al. (1977) to
fit their data: 10 log [(SAI + 1)/1] = 1.644 - 0.0141 x 10 log (I/I4): o
h and al/1 = 0.463(1/15)=0-072, sL =10 log (I/1,).
>
St 10 log [(al * 1)/1] 81/1
5 1.57 0.44
10 1.50 0.41 -
15 1.43 0.39 8. .
20 1.36 0.37
25 1.29 0.35
30 1.22 0.32
35 1.15 0.30
40 1.08 0.28 —
45 1.01 0.26 (O
50 0.94 0.24 L
55 0.87 0.22 L
60 0.80 0.20 L
65 0.73 0.18 RS
70 0.66 0.16 i
75 0.59 0.14 e .
80 0.52 0.13 ‘1.-_‘::_'::
: -
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reported minimally discriminable binaural intensity difference limens on

the order of 0.8 dB (see Question 4). Discrimination of binaural -
intensity differences is, thus, approximately of the same degree as ;5;
monaurally discriminable intensities. It is interesting to note that, in ?;E
- the case where no interaural intensity difference exists, discrimination :T:
t? of successive intensity changes at both ears is better (i.e., the Eif
ﬁi signal-to-noise ratio can be reduced without lowering performance) if the ﬁfi
[ signals are presented out-of-phase at the two ears (Henning, 1973). :i?
FE The foregoing discussion has dealt primarily with the question, given a ii;
_ tone at some frequency and sensation level, by what amount must its ?13‘
f intensity be increased in order for a listener to detect the increment?
Ei One might also ask, by what amount must two tones of different frequency 525
! differ in intensity in order for a listener to discriminate among them on ;fj
the basis of loudness? This question has not been addressed directly. f}
-i However, a reasonable guess can be made for tone of frequencies between ;ij
about 20 Hz and 15 kHz by consulting the equal-loudness contours of 77:
Ei Fletcher and Munson (1933) or those of Robinson and Dadson (1956). The g;ﬁ
: former apply to earphone 1istening while the latter apply to free field ::2

listening. Since these contours indicate the sound pressure levels (SPLs)

necessary to achieve a loudness level match between tones of different
frequencies, they may also be used to ascertain the SPLs of tones that ﬁfﬁ
will not result in a loudness match, i.e., whether the tones will be of

different loudness levels. For example, Robinson and Dadson's contours

indicate that 1 and 2 kHz tones differ in loudness level by 2 d8 if the
SPL of each is 30 dB. Since the relative DLs of these two tones calculate

to be 1.28 dB and 1.25 dB respectively, it may be expected that the
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loudness difference of 2 dB would be discriminable. This technique should
be used only for obtaining rough indications of the SPLs needed to athieve
different loudness levels (not loudness difference limens) for tones of
different frequencies. The relationship of intensity DLs to loudness has
not been established, although Durlach and Braida (1969) have undertaken a

theoretical analysis of the whole problem of intensity perception.

what cues are available for monaural discrimination among the loudnesses

of complex sounds?

If we regard a pure tone, which may be described as a sinusoidal function
of time, as a simple sound, then by comparison a waveform composed of even
two trignometrically summed sinusoidal functions different in fregquency
must be regarded as complex. The sounds of bells, buzzers, musical
instruments, machines, human voice, etc., are all acoustically complex.

In order to achieve some degree of generality of results and to facilitate
manipulation of experimental variables, researchers interested in the
study of loudness of complex sounds typically have restricted their
stimuli to compositions of tones or continuous bands of noise. It has
been found that loudness varies not only as a function of intensity, but

also spectral and temporal variables.

Beyond such findings as those reviewed in Question 7, which apply to tones
and white noise, little can be said regarding discriminability in the
intensive domain of sound. Presumably, the same underlying processes

would operate with complex sounds. However, the relatively
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straightforward procedure for determining an intensity difference limen
becomes complicated if the acoustic inputs to the listener differ
physically in ways that permit discrimination on the basis of cues other

than intensity. For example, if two acoustic spectra differ in harmonic

structure, a listener may readily discriminate between the two on the
basis of timber as is done in the case of sounds produced by different
musical instruments (Risset and Mathews, 1969; Grey and Moorer, 1977).
Even this appears to be an oversimplification since the spectral
characteristics of the sounds of musical instruments vary over time and
require of the listener some sort of abstraction to separate temporal and
structural characteristics (Huggins, 1952; Miller and Carterette, 1975).
Consequently, sounds of complex spectra and temporal patterns generally
have not been used in studies aimed at evaluating intensity
discriminability. Rather, the direction taken has been aimed at

evaluating such sounds in terms of loudness.

In the case of sounds consisting of either multi-component or continuous
spectra, loudness depends on the manner in which the auditory system sums
the component intensities. The phenomenon of monaural loudness summation
in the spectral domain is based in the finding that the loudness of a
broad spectrum sound (e.g., noise) increases as its bandwidth increases
beyond a certain point, even though the overall sound pressure level
remains constant (Zwicker and Feldtkeller, 1955). The point at which
loudness summation begins is the critical bandwidth (Zwicker et al., 1957;

see Table VI-1).
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Obviously, if the bandwidth of a noise is increased, the only way its
overall level can be held constant is by reducing its average level per
cycle, i.e., its spectrum level. This is why loudness of the band of
noise does not increase so long as it is no wider than the critical band
in which it is centered, i.e., since spectrum level is reduced in direct
proportion to increments in noise width, the integral of the acoustic

power within the critical band remains constant so long as the input

b e BERESS AR AT A, ap o v r o o o

bandwidth does not exceed the critical bandwidth. The critical band is a
frequency region over which acoustic power is summed (see Question 6)
without regard for spectral shape or width. However, summation of

E acoustic power within a critical band and loudness summation outside

critical bands are different processes.

In IZwicker and Feldtkeller's experiment, if spectrum level had been held
constant while increasing noise bandwidth, then the overall power within
the critical band (and loudness) would have increased in proportion with
increases in the noise bandwidth until the latter equalled the width of
the critical band. Even with further increases in noise bandwidth beyond
this point, no further increase in power would have occurred within the
critical band so long as the noise spectrum level had remained constant.
However, loudness would have continued to increase as the noise bandwidth
exceeded the width of the critical band. It is this phenomenon to which
the notion of loudness summation applies, not the increase in loudness
which occurs as a result of power summation within a critical band. The
latter was eliminated in Zwicker and Feldtkeller's experiment by keeping

overall level of the noise constant, i.e., increases in bandwidth were

accompanied by decreases in spectrum level.
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Iwicker and Feldtkeller found that loudness increases as a function of the
frequency width (greater than that of a critical band) of complex sounds
even when the overall power is held constant. This finding seems the more
remarkable considering that, as pointed out above, in order to keep the
overall power constant, the power at each frequency throughout the noise
band (spectrum level) had to be decreased in direct proportion to
increases in its frequency width. Thus, as the noise bandwidth was
increased and its spectrum level was decreased, loudness increased!
Similar findings have been reported by Scharf (1970a) for sounds

consisting of but two frequency components.

Scharf (1962) has shown also that the shape of spectra may influence
loudness summation. For example, if each component of a multiple complex
is of the same Toudness level, the loudness of the compiex will be greater
than in the case of a spectrum with the same overall intensity but having
components of unequal loudnesses. Similarly, Zwicker et al. (1957) found
that the frequency intervals between multitone components was a determiner
of loudness. Tones spaced at intervals of one critical band were found to

be louder.

The foregoing suggests that a wide band sound would be judged to be louder
than a sound with a more narrow bandwidth if the overall power in the two
bands were equal. Conversely, in order for the two sounds to be judged
equally loud, the overall level of the sound with the more narrow
bandwidth would have to exceed that of the wider band sound. Furthermore,
the frequency spacing and relative intensities of the compcnents of

wide-band complex sounds would be expected to influence overall loudness,
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since insofar as loudness is concerned, the auditory system ignores the

spectral distribution of acoustic energy only within critical bands.

It is interesting to note that loudness summation does not appear to occur
if overall levels are no more than 10 to 15 dB above absolute threshold
(Scharf, 1959). This is probably due to the fact that, at such overall
levels, the spectrum levels of wide band sounds would be near threshold.
It also seems to be the case that loudness summation is greatest at
moderate levels (Pollack, 1952) between 40 and 60 dB. Zwicker and
Feldtkeller's data indicate that, at overall levels above 60 dB, the rate
of increase in loudness is somewhat less than at lower levels. It is,
perhaps, more than an interesting coincidence that the loudness function
for white noise differs from that of the 1 kHz tone in much the same way.
Since the threshold SPL for noise is somewhat greater than thé 1 kHz tone
threshold, the noise loudness function grows more rapidly than the tone
function, crossing it in the vacinity of 22 dB SPL. At this point
loudness of the tone and noise are the same, even thoughlthe bandwidth of
the noise exceeds one critical band. As SPL increases beyond this point,
Toudness of the noise continues to grow more rapidly than that of the tone
up to about 60 dB SPL. Above this level, the rate of qrowth of noise
loudness declines and the two functions converge. Loudness values for
these two functions are given in Table VIII-1. These relationships have
been obtained both by the method of magnitude estimation and production
(Scharf and Fishken, 1970) and by loudness matching (Hellman, 1976). It
appears that the rate of growth of noise loudness varies in much the same
way with increases in SPL as it does with increases in spectral width

beyond one critical band.
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Studies of the influence of temporal variables on loudness have focused
mainly on effects of the duration of single sounds and the interval

separating successive pairs (or trains) of brief sounds. The abruptness

of sound onset (rise time) also has been shown to influence the loudness
of wide band noise and tones (Gjaevenes and Rimstad, 1972), provided rise RS
time is brief (e.g., 30 msec) and the sound contains low frequency

components (e.g., 250 Hz).

e

8 4
Generally, as the duration of exposure to a sound increases from a few Sy
milliseconds, its loudness rapidly increases to some steady level within ‘;f“é
the first 50 to 500 msec. It is unclear what factors determine the ;:443
critical duration beyond which no further growth in loudness occurs. ';I‘E
Scharf (1978) provides a summary of findings from a number of studies in ;J:i
which tones and noise were used, but there appears to be little consensus 54‘4*

on such matters of interest as the trading relation between intensity and

duration, the dependence of the critical duration on intensity, frequency,

bandwidth, etc. As shown by Port (1963), growth in loudness within the

first 50 msec of continuous exposure may be considerable. At the other

extreme where decreases in loudness with long durations of exposure would
be found, it appears that if any loudness adaptation occurs at all, it is
limited to exposure levels near threshold even for exposures as long as 30
min. The reader is referred to Scharf (1978) for a review of the
pertinent literature. As Scharf points out, adaptation to the loudness of
intense sounds " . . . would be comforting but costly" in the preservation

of normal hearing.
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As the interval separating a pair of tone pulses of the same frequency (10
msec duration; 5 msec rise-decay) increases from several milliseconds to
some upper limit, the combined loudness of the pair as well as the
Toudness of the second pulse in the pair, decrease (Irwin and Zwislocki,
1971). The upper limit of the inter-pulse interval beyond which
enhancement of loudness of the pair no longer exceeds the loudnesses of
the indivudal pulses presented alone has been found to lie between about

25 and 200 msec (see Scharf, 1978, for a review of this literature).

Consistent with the findings on spectral contributions to loudness
summation, Scharf (1970b) found that the combined loudness of pairs of
tone pulses (5 msec duration; 1.5 msec rise-decay) separated by time
intervals of up to about 200 msec increased as the frequency difference
between individual pulses increased. As Irwin and Zwislocki (1971)
demonstrated, the increase in loudness of pairs of pulses of different
frecuency exceeds that for pulse pairs of the same frequency (or the
second number of such pairs). The former effect is thus considered to be

summation rather than enhancement.

In the case of trains of successive pulses of duration T, as the pulse
rate decreases from its maximum at I/T to about 2 pps, the level of the
pulsed sound required to maintain constant loudness decreases (Pollack,
1958). Presumably, an interrupted sound would be judged louder than a

continuous sound of the same spectrum and overall level.
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Are reaction times to acoustic stimuli dependent on loudness?

In an eatly study by Chocholle (1940) reaction times to tonal stimuli were
found to be a function of both intensity and frequency. However,
Chocholle showed that the frequency dependency could be eliminated by
equating the loudness of tones of different frequency. Once this
correction for differential sensitivity was made, the data clearly showed
that reaction times to sounds of equal loudness (not intensity) are equal
even though the sounds may differ greatly in frequency. This fact enabled
Chocholle (1954) to collapse data obtained at frequencies ranging from 50
Hz to 10 kHz on to a single function relating reaction time to loudness
level in phones. The function shows that, for any frequency, as the
Toudness of the acoustic stimulus increases, the latency of the reaction
to it (RT) decreases roughly exponentially. The magnitude of the
reduction in RT is from approximately 300 msec at about two phones to
approximately 110 msec at 90 phones, nearly a 3-fold increment in speed of
reaction that approaches what appéars to be the upper limit on the
capacity of humans to respond. Incidentally, speed of reaction to
binaural signals is faster than for monaural signals (Chocholle, 1946).
Also, the relationship between reaction time and loudness is more steep
(RT changes faster) in the presence of masking noise than in quiet
(Chocholle and Da Costa, 1971; Chocholle and Greenbaum, 1966; also, see

the discussion of Kohfeld's, 1971, study in question 19).
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10. what are the joint effects of time uncertainty, S-R compatibility, ana

stimulus intensity on auditory choice-reaction times?

In a study by Sanders (1977) involving a 3-signal 3-response arrangement,
it was found that the joint effects of time uncertainty, S-R
compatibility, and stimulus intensity on choice-reaction times to auditory
signals are additive (see question 18). No significant interaction
effects were obtained between any combination of these variables. The
fastest RTs were obtained under the following combination of conditions;
no time uncertainty of signal presentation, high S-R compatibility, and

high stimulus intensity. The slowest RTs were obtained with maximal time

uncertainty, low compatibility, and low stimulus intensity. Increases in
stimulus intensity (from 35 dB to 85 dB) resulted in less reduction of RTs
than increments in signal certainty and S-R compatibility. The results of
this study suggest that time uncertainty and S-R compatibility can be
traded against each other, e.g., temporal uncertainty of a signal may be
compensated for by making it highly compatible with the response,
especially in a choice-reaction situation. Further improvement can be

obtained by increasing signal intensity. Apparently, the latter effect is

peculiar to the auditory modality since increases in intensity of visual l:'é
signals has not been found to offset time uncertainty (Sanders and

Wertheim, 1973; Bernstein et al., 1973).
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11. How may stimulus-response compatibility be adjusted for optimum reaction

times?

In any situation requiring an optimally rapid response to some particular
stimulus occurrence, the stimulus must convey to the operator certain
minimal information. For this reason, we prefer to speak of signals

rather than stimuli.

If any one of a number of responses to onset of a signal is acceptable -
whether equally effective or not - the signal information is simply “react
now." In this case the signal is merely a time marker. If just one
response is acceptable, the signal information is "make the appropriate
response now." Here the signal must not only mark the start time of the
appropriate response, it must select the response as well., This selective
function becomes more informationally loaded if the operator must make a
choice, i.e., if more than one signal-response association is reguired.
For example, if two tones are each associated with a different response,
the occurrence of either signal demands an immediate choice, even if it is
an automatic one in a well-practiced operator. The information processing
approach to the study of choice-reaction times has provided a theoretical
basis for understanding the relationship between RT and the number of
alternative choices available to an operator (Hick, 1952; Hyman, 1953;
Smith, 1977). It is in such choice situation that the problem of
signal-response compatibility is most significant.(Smith, 1977), although

it is present even in the one-signal, one-~-response situation,
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The notion of stimulus-response compatibility is vague, if not misleading,
even though it has acquired the status of an experimental variable.
Broadbent (1971), for example, would define compatibility in terms of the
"obviousness" of the correspondence of stimuli and responses. As Duncan
(1977) has pointed out, however, "obvious" correspondence may exist
between stimuli and responses for a given individual due to extensive
practice. From this point of view, compatibility could not be defined

completely in terms of objective dimensions, e.g., spatial relations.

One may be tempted to define S-R compatibility operationally in terms of
average reaction time, e.g., stimuli and responses are compatible if, when
paired, they yield average RTs that are smaller than other S-R
combinations. This is hardly satisfactory. Not only would this
definition not distinguish among compatibility and other variables that
may be manipulated to obtain small RTs, but it would not allow application

of the notion of compatibility to other response measures.

It appears that no generally applicable and explicit definition of S-R
compatibility has been adopted in the literature. The approach that is
taken in most studies is simply one of naming certain experimental
conditions as "compatible" and "“incompatible," where the difference
apparently is presumed to be obvious. In some cases it is. Fdr example,
in a study by Broadbent and Gregory (1965), tactual stimuli were presented
to the operator's fingers. In the high compatibility condition, the
finger stimulated was the one to respond. In the low compatibility
condition, the finger stimulated corresponded with the one to respond
located on the other hand. Here, S-R compatibility appears to mean

proximity of the site of stimulation to the responding organ.
100
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A similar sort of S-R compatibility was employed by Sanders (1977). Three
1amps were placed in a row with a response key located immediately beneath
each one. The operator's preferred hand was placed so that the three
middle fingers were positioned over the response keys - one finger
assigned to each key. In the compatibility condition, the appropriate
response was signalled by illumination of the lamp located directly above
the correct finger-key position. In the incompatible condition, the
spatial relationship between lamp and finger-key position did not
correspond; the left and middle lamps signalled responses of the middle .
and right fingers respectively, while the right lamp signalled a response
of the left finger. Again, as in the study by Broadbent and Gregory
(1965), S-R compatibility seems to mean proximity. However, this is not
proximity of the site of stimulation to the response organ since the
signal is received visually. Rather, this is a kind of relative proximity
derived from the ré1ative locations of response organs and the relative

points of origin in visual space of the signals.

A comparable form of spatial S-R compatibility was extended to an
arrangement of auditory signals by Sanders (1977). In this case the
signals were bursts of noise delivered either to the left ear alone, to
both ears, or to the right ear alone. Compatibility was defined as in the
visual signal experiment above., The left, middle, and right finger
responses were indicated by noise signals to the left ear, both ears, and
right ear respectively. Incompatibility was established just as it was in
the previous experiment, except with auditory signals. Of course, the
signals presented singly to each ear were localized at one side or the

other, while presentation of the signals to both ears simultaneously

101

D P Ut R e T
e T T Ty R RS T S AP Tt T
PO LAY ol A T PR O Y O RTINS WP O W

l_‘Ll

.......




NAVTRAEQUIPCEN 80-D-0011/0037-2

(interaural correlation + 1) were localized medially. This resulted in a
distribution of signals in auditory space that corresponded to the left,
middle, and right finger positions. In this case, S-R compatibility does
not involve visually perceived spatial proximity but rather the perceived
correspondence of spatial orders. It is of interest that S-R
compatibility in the latter case resulted in an improvement in RTs that

was approximatey of the same magnitudes as that obtained in the visual

proximity experiment.

'Ji To return to the original point, it is the information conveyed to the
Li operator by the signal that appears to determine the speed of choice
reaction. In choice situations, the notion of S-R compatibility becomes
especially important for achieving fast reaction times because, in

addition to marking the time-to-respond, the signal must select the

appropriate response. If S-R compatibility is high, then the signal
provides definitive information identifying the response to be made. This
requires some clear relations between responses and signals, usually
spatial. Evidently, it is the sbatia? relationship which is most

obviously (in Broadbent's sense) either compatible or not.

Duncan (1977) has shown that there are two properties of S-R spatial
relationships {"mapping") that are important for RTs, viz., the
relationship that exists for each S-R pair, and the set of such
relationships for all S-R pairs in a situation. RTs are fast if the same

spatial relationship holds for all S-R pairs in a set.
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A somewhat different sort of compatibility has been designated as
"jdeomotor" (IM) by Greenwald (1972). In IM, the compatibility
relationship is assumed to exist between the stimulus and the sensory
feedback from the response. If the feedback "resembles" the stimulus,
then compatibility is high. Some examples from Greenwald and Shulman
(1973) are: the movement of a switch (right or left) in the direction
indicated by a visually displayed "arrow"; vocal reproduction of the sound

of a letter (e.g., "A" or "B") presented through headphones.

The example of the response to the "arrow" appears to be an instance of
what Audley et al. (1975) referred to as a "symbolic S-R code,* e.g., a
response to the left if the number "1" is presented and a response to the
right if the number "2" is presented. In such "symbolic* cases, the
assumption that response feedback "resembles” the stimulus would seem to
be untenable. However, such an assumption may be valid in the case of
vocal matching of speech signals. It may be valid also in such cases as
matching the sound of one instrument to that of another, matching visual
patterns, etc. The response might produce the matching stimulus directly
(e.qg., vocal), or indirectly through operation of a device (e.g., sounding
a note on a musical instrument or alignment of two visual patterns). In
such cases, it is the sensory consequences of the response that match the
sensory effects of the signal. It would thus seem that this form of
compatibility would be better termed SS than IM. In the case of symbolic
SR compatibility, it is difficult to understand in what manner response

feedback could be said to match the stimulus.
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In all forms of S-R compatibility, the signal specifies the response. It
may select the response organ directly, identify the response spatially,
provide a pattern to be matched by the response or its environmental

consequence, or it symbolically calls forth the response.

Is speed of reaction to stimuli influenced by the probability of stimulus

occurrence?

Generally, the higher the probability of stimulus occurrence, the faster
the reaction to it will be. According to Audley et al. (1975), high
stimulus probabilities produced "anticipations" which result in short
average reaction times. It should also be noted that Audley et al. (1975)
found that error responses are faster (shorter RTs) than correct
responses, a result that is consistent with those of others, e.g., Yellott
(1971). If, as in experiments by Audley et al., two stimuli are presented
and one is associated (through an advance numerical cue to the subject)
with a high probabiliy, the average RT to that stimulus will be shortened
while the RT to the uncued stimulus will either be unaffected or
increased. These findings are consistent with those of Sanders (1977), as
well as others, who have investigated the effects of time uncertainty on
reaction time. The less time uncertainty, i.e., the greater the
probability that the stimulus will be presented at a point in time
following a warning signal, the faster the average RT. In a series of
studies concerned with the influence of expectancy on simple RT, Naatanen
and Merisalo (1977) found “subjective probability" followed the objective

probability of stimulus occurrence. They concluded that expectancy, or
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“subjective probability" was ."..the most important determinant of
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preparation and, hence, of the reaction time...."

Is speed of vocal identification faster for geometric symbols than for

numerals?

In a study by Forrin and Morin (1967), it was found that the average time
required to name (vocal response) visually presented numerals was
increased if geometric symbols assigned arbitrary names were introduced
into the numerical stimulus sequence. This finding was further explored
by Forrin (1975) in a subsequent study utilizing much the same
methodology. The overall outcome confirmed the earlier result, i.e.,
naming of numerals in sequence was faster than if the sequence contained
symbols. However, symbol-symbol sequences evoked faster correct reaction
than did symbol-numeral sequences. The shortest latencies were obtained
for sequences in which the same numeral was either repeated or all stimuli
were numerals (numbers of the same class). The presentation of a warning
signal prior to the stimulus resulted in a reduction of latencies to all

stimulus sequences.

Since the stimuli used in these experiments were visual, it is unclear e

whether the same relations can be expected for equivalent auditory ~——
stimuli. However, it would seem not far-fetched to expect that if RTs to - Eg
one class of auditory stimuli (complex) are slower than RTs to another ;;;j
(simple), then alternative presentation of the two would probably result »711
in an increased RT for the simple stimulus class. | ﬁFZ

105

.............................................................
...............

...............................................
.........




. r_.J
» NAVTRAEQUIPCEN 80-D-0011/0037-2 -

14. Are reactions to stimuli of a symbolic nature (triangles, arrows, etc.)

influenced by the order of presentation of such stimuli?

It appears that both the mean reaction time and the error rate of
responses to symbolic stimuli are affected by the order in which such
stimuli are presented. For example, Falmagne et al. (1975) found that the
reaction (in terms of latencies and errors) to one of two stimuli was
conditional upon the sequence of these two stimuli that preceded
presentation of the one to which the reaction was made. That is, the
reaction to stimulus "1" depended on whether it was preceded by
presentations of "1" or "2." Falmagne et al. (1975) reported that the RT
and error rate of the response to a particular stimulus was faster and
larger, respectively, if the immediately preceding stimulus were the same,
i.e., if the stimulus to be reacted to were a repetition. If the stimulus
were not the same as the one that preceded it, the average RT would be
slower and the error rate would be Tower., Stimulus probability was also
found to exert an influence, e.g., reaction times to more probable stimuli
were faster and error rates generally greater. Although these effects do
not appear to have been investigated using auditory stimuli, there is

every reason to think that the same sort of sequential dependencies would

hold. -
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Do choice-reaction times increase as the number of signals (choices)

increase?

Early models of choice-reaction time data (Hick, 1952; Hyman, 1953)
assumed that RT increased as a linear function of the logarithm of the
number of stimulus-response choices. Hence, RTs in a 8-stimulus,
8-response situation would be slower (longer latencies) than in a
2-stimulus, 2-response situation. This no longer appears to bela complete
account. Leonard (1959) found that, with a high degree of
stimulus-response compatibility, RTs did not increase as the number of
choices increased beyond 2 for practiced operators. In this stydy a high
level of S-R compatibility was achieved by delivering the signal (a
vibro-tactile stimulus) directly to the finger that was to respond. In a
similar, but more carefully controlled experiment, Smith (1977) confirmed
Leonard's findings and further showed that RTs tend to increase as a
function of number of choices only under conditions involving low S-R
compatibility, or mixtures of low and high compatibility

choice-reactions. Smith also employed vibro-tactile stimulation as his
signals. At present, it is not clear whether a sufficiently high S-R
compatibility can be achieved for auditory signals greater in number than
3 (as in the study by Sanders, 1977) to overcome the slowing effect
imposed by an increase in the number of choice-reactions. If not, RTs may
be expected to increase as the number of auditory choice-reactions

increase.

107

.........




NAVTRAEQUIPCEN 80-D-0011/0037-2
16. If an operator is prepared for rapid reaction to one stimulus, will his

reaction time to a second stimulus be affected?

Although the answer to this question cannot be given concretely on the

FSYLVAPRPAFARRS * SLFEPRFRR

l basis of presently available data, studies by Audley et al. (1975) suggest
that there is an effect. Preparation to respond to one of two stimuli was
found to result in a decrease in the RT for that stimulus-response.

i However, the RT for the other S-R increased. A plot of mean RTs to each

stimulus against each other, i.e., the means to one stimulus plotted on

the ordinate and those for the other plotted on the abscissa, yields a

8 NI

function which Audley calls a "time exchange relation."” Most of the

exchange relations obtained by Audley et al. (1975) were linear. In his

words, this indicates that ."..the decrease in reaction time due to being
I prepared for one stimulus or its response, must equal the increase in
. reaction time to the other stimulus." Based on his analysis of data from

Remington (1969) and Schvaneveldt and Chase (1969), Audley et al.
i hypothesized that the shape of the exchange relation depends on the
f stimulus-response code (symbolic S-R compatibility). They utilized two
; such codes (one spatial and one numerical) but did not find any dependence
i of the exchange relation on code type.
E +7. What are the primary determinants of reaction times of successive
E responses to repeated events?
! In the case of repetitions of the same response to the same stimulus, a 577%
; major variable shown to influence reaction times is the length of the time .vgéi
: ,.'_-:l:
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interval between the end of the response and the onset of the next
stimulus in the series, i.e., the R-S interval (Smith et al., 1973).
However, studies limited to repetitions of the same stimulus-response pair
do not provide a basis for generalization to more “real life" situations
that involve different reactions to various stimuli. As pointed out by
Rabbitt et al. (1975), in order to obtain the data necessary to determine
how successive responses are programmed, experimental designs should
require that subjects choose Between responses that differ in “nature";
the signals should be equally discriminable and paired with responses in
all possible S-R mappings. The number of such stimuli should also be
fixed to keep the informational load constant. These controls should
permit valid comparisons for the assessment of response programming in

choice-reaction time experiments.

This approach was taken in a study by Rabbitt (1966) in which subjects
responded to four different signals with responses of both hands and

feet. As in other studies, repeated responses were found to be fastest.
In mixed sequences of responses, it was found that both the 1imb type
(foot or hand) and the laterality of 1imbs were important. For example,
if a response by one limb were followed by a response of a limb of the
same type on the opposite side of the body (right foot response then left
foot response; or response of the right hand followed by a response of the
left hand), faster reactions were made than if the contralateral limb were
of a different type (right foot response then left hand responsé, etc.).
The worst case occurred for successive responses by different 1imbs on the
same side of the body (right foot response followed by right hand

response, etc.). This condition resulted in the largest RTs and error

109

.......................




NAVTRAEQUIPCEN 80-D-0011/0037-2 [

rates. Evidently, the nature of the transitions that must be made from

response to response in successive choice-reaction situations is a major ;'
determiner of both speed and accuracy. ‘-iﬁf
A slightly different picture is obtained if responses are limited to the :ﬁ;;!
hands alone. 1In a study by Rabbitt and Vyas (1973), finger responses on .jf
keyboard tasks were examined under conditions involving choices between ;i
the hands. It was found that the faster responses were made when the ;;ij
succession of fingers were on the same hand. The response of a finger on o
one hand was always slower if it was preceded by a finger response on the :?l
other hand. Unlike transitions from foot to hand on the same side of the ;ji";
body, ipsilateral transitions among the fingers were found to be ;ii;i
facilitory. However, even faster RTs were obtained for successive i:&;?
responses of corresponding fingers on the two hands (left index finger ijhjf
follows right index finger, etc.). Rabbitt and Vyas concluded that o 11
."..successive, different responses are made more quickly if they involve ff',?
successive use of the same hand or of the same finger on different i;:;f
hands." ;;ﬁhi
R
In a more recent series of studies, Rabbitt et al. (1975) attempted to . A
evaluate the influence of response complexity on reaction time, where 1

complexity was defined in terms of the number of fingers and hands

required to make a response. The main finding was that the more complex a .

response on one trial, the slower the RT of the response on the following 'f y

trial. They also found that the time taken to respond with any one finger 'ﬁf}
®

depends on the number of other fingers that must be coordinated with it.

Furthermore, transitions from response to response in succession were

N

E
.
=
~ 9
»
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found to be more difficult if different hands were required. It appears J?;
that the evaluation of response complexity must take into account the ;f;‘
organization of the movements comprising a response as well as the nature ;;;ﬁ
of the changes in organization that must occur during a transition from ;E;;
one response to the next in a succession of choice responses. :;;%
: )
f These investigators also found evidence for another ramification of
h response complexity. Subjects were required to validate their responses, ;:f:
:{ i.e., to indicate whether a response was thought to be correct or o
E incorrect. The more complex responses required longer times to validate,
h and incorrect responses were validated more quickly than correct ijjf
{ responses. itf;
18. What task variables have been found to add or interact in their effects on ﬁﬁii
reaction times? i;ﬁi

Stimulus-response compatibility has been reported to be additive in its
effect on reaction times (mean RTsj with the following variables: signal
degradation (Sternberg, 1969); signal discriminability (Rabbitt, 1967);
time uncertainty of signal presentation (Sanders, 1977); stimulus

intensity (Sanders, 1977); motor preparation (Sanders, 1970); and fore-

period duration (Posner et al., 1973). However, the joint effects of S-R
compatibility and either signal degradation or discriminability may
disappear with practice (Sanaers, 1977). S-R compatibility has been found
to interact in its effect on RTs with the time uncertainty of signal

presentation (Broadbent and Gregory, 1965; Sternberg, 1969), the number of
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signal alternatives (Brainard et al., 1962), the relative frequency of
signal occurrence (Fitts et al., 1963; Sanders, 1970), and practice

( Sanders, 1977).

The degree to which signals are degraded has been shown to be additive in
its effect on RTs with the following variables: S-R compatibility (cited
above); the relative frequency of signal presentation (Miller and
Pachella, 1973); and the time uncertainty of signal presentation (Posner
et al., 1973). The effect of signal degradation on RTs also has been
found to interact with the number of signal alternatives (Sternberg, 1969)
and the relative frequency of signal presentation (Miller and Pachella,
1973). The latter variable, relative frequency, interacts with two others
as well, viz., time uncertainty (Bertelson and Barzeele, 1965) and motor

preparation (Sanders, 1970).

A variable related to both signal discriminability and degradation is
signal intensity. The latter has been found to be additive in its effect
on RTs with both time uncertainty (Raab et al., 1961) and sensory modality
(Howell and Donaldson, 1962). The additivity of the effect of time
uncertainty with that of other variables has been reported not only for
stimulus intensity (cited above) but also for the number of signal
alternatives (Alegria and Bertelson, 1970; Broadbent and Gregory, 1965),
signal degradation (cited above), and signal detection (Egan et al.,

1961).

ety PP DU W ) LI PN S Sy WY Sy




N T T T —pon
S T T T T IS LT T T T v ™ W w———— v-—
F T T T T T T T T T T T B N TR A AU S A A AT e o e

NAVTRAEQUIPCEN 80-D-0011/0037-2

19. Are reactions to auditory stimuli faster than reactions to visual

stimuli?

Although modality comparisons of reaction times have been reported in
scattered studies, it appears that little systematic attention has been Sl
1 devoted to this matter. One prominent difficulty invoived in such a

comparison is the determination of functionally equivalent categories of

b auditory and visual stimuli. Unless these two energy forms are equated on ;_'
some dimension that is relevant to the task, differences in reaction times
to the two types of stimuli are difficult, if not impossible, to
b evaluate. The general finding, therefore, that RTs to auditory stimulj ;fff
| are faster than RTs to visual stimuli is in need of further systematic .
study, and traditionally the explanation for this (i.e., auditory stimuli
p are more arousing) must be regarded as merely suggestive. 0ddly enough, ;fft
E one of the best studies to date on the question of auditory vs. visual RTs
: was designed to examine the effects of drugs on speed of reaction (Trumbo
! and Gaillard, 1975). As a matter of design, Trumbo and Gaillard made i::;
: their auditory and visual stimuli informationally equivalent. They found 'F'?
that, under all conditions of time uncertainty and drug treatments, ;
i auditory RTs were faster than visual RTs on the order of 40 to 50 msec, ; .-

although both types varied in essentially the same manner as a function of

the experimental parameters. A modality-drug interaction was obtained
which lends some credence to the arousal hypothesis mentioned above. The !j:ﬁ

barbituric treatment resulted in an increase in auditory RT while having

negligible effect on visual RT. This would be the expected result if tne Tﬁiﬁ

major difference in auditory and visual RTs can be attributed to
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differences in the arousing potential of the two types of stimuli. By

contrast, amphetamine affected only visual RTs, i.e., shortened them.

In a study designed to determine the relationship between stimulus
intensity and RT, Kohfeld (1971) equated the decibel value of light and
sound stimuli. The range of stimulus values varied between 30 and 90 dB.
Reference values for light and sound stimuli were 10'10 lambert and

0.0002 dines/cn@ respectively. Whether or not these particular

reference values effectively equated decibel values of the light and sound
stimuii, Kohfeld found that, as intensity in dB increased RTs to both
kinds of stimuli decreased. However, RTs to the light stimuli decreased
more rapidly than did RTs to the sound stimuli and, consequently, the two
functions converged at high intensity levels. At low to moderate
intensity levels, RTs to auditory stimuli were approximateiy 20 to 30 msec
faster than RTs to visual stimuli of the same decibel value. This

difference disappeared in the vicinity of 50 dB, the cross-over point from

scotopic to photopic vision. Hence, intense light stimuli in the photopic
range of vision appear to be as effective as sounds in initiating fast
reactions. As an afterthought, it would seem that a better way for
equating the intensive diminsion of light and sound stimuli would be by
means of magnitude estimation in which a cross modality procedure were
used to match brightness and loudness of the respective stimuli. Even if
‘ne intensive dimensions are matched, however, the rise times of sound
-timuli may play a far more pertinent role in affecting RTs than the rise

times of light stimuli.
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APPENDIX 1.
LIST OF QUESTIONS WITH REFERENCES

What factors determine the detectability of monaural signals?

(Fletcher, 1940; Hawkins and Stevens, 1950; Shaw and Piercy, 1962;
Licklider, 1951; Davis and Krantz, 1964; Davis et al., 1950; Stevens and
Davis, 1938; Egan and Hake, 1950; Bilger and Hirsh, 1956; Scharf, 1959,
1961, 1971; Garner, 1947a, b; Garner and Miller, 1947; Zwislocki, 1960;
Iwislocki and Pirodda, 1952; Luscher and Zwislocki, 1949; Corso, 1958,
1963, 1967; Ward, 1963, 1966, 1970; de Mare, 1939; Olsen and Carhart,
1966; Muliigan et al., 1967; Mulligan and Adams, 1968; Mulligan et al.,
1968; Mulligan and Elrod, 1970; Mills et al., 1970; Mosko et al., 1970;
Munson and Gardner, 1950; Riach et al., 1962; Hickling, 1967; Elliot,
1962a, b; Gardner, 1947; Stein, 1960; Raab, 1961; Osman and Raab, 1963;
Robinson and Pollack, 1971; Wright, 1964; Shafer et ai., 1950; Webster et
al., 1952; Zwicker et al, 1957; Greenwood, 1961; Green et al., 1959; Swets
et al., 1962; Bourbon et al., 1968; Carterette et al., 1969; Patterson,
1971, 1974, 1976; Patterson and Henning, 1977; Margolis and Smali, 1975;
Blodgett et al., 1958; Hirsh and Burgeat, 1958; Duriach, 1972)

what factors determine the detectability of binaural signals?

(Licklider, 1948; Hirsh, 1948; Hirsh and Webster, 1949; Hirsh and Burgeat,
1958; Webster, 1951; Jeffress et al., 1952, 1962; Jeffress et al., 1956;
Blodgett et al., 1958; Blodgett et al., 1962; Durlach, 1963, 1972; Colburn
and Durlach, 1965; Rilling and Jeffress, 1965; Robinson and Jeffress,
1963; Goodnow and Jeffress, 1957; Bourbon and Jeffress, 1965; Egan, 1965;
vMcFadden, 1968; Langford and Jeffress, 1964; Rabiner et al., 1966;
Mulligan (in press); Mulligan et al., 1967; Mulligan and Wilbanks, 1965;
Mulligan and Cornelius, 1972; Dolan and Robinson, 1967; Wilbanks and
Whitmore, 1968; Whitmore and Wilbanks, 1965a, b; Mills, 1960, 1972;
Schenkel, 1964; Schubert, 1956; Sondhi and Guttman, 1966; Metz et al.,
1968; Wightman, 1971; Wightman and Houtgast, 1972; Weston and Miller,
1965)

On what does the localization of sound sources in "auditory space" depend,
and what are its limits?

(Woodworth and Schiosberg, 1954; Feddersen et al., 1957; Shaw, 1974a, b;
Blauert, 1974; Hershkowitz and Durlach, 1969a; Domnitz, 1973; Mills, 1958,
1960, 1972; Zwislocki and Feldman, 1956; Sayers, 1964; Sayers and Cherry,
1957; Sayers and Lynn, 1968; Tobias and Zerlin, 1959; McFadden and
Sharpley, 1972; Yost, 1974; Hornbostel and Wertheimer, 1920; von Bekesy,
1949, 1959, 1960; Blodgett et al., 1956; Pollack and Trittipoe, 1959a, b;
Jeffress et al., 1962; Hirsh and Sherrick, 1961; Teas, 1962; Guttman,
1962; Harris, 1960; Harris et al., 1963; Babkoff and Sutton, 1966; Cherry
and Taylor, 1954; Gulick, 1971; Pinheiro and Tobin, 1969; Flanagan et al.,
1964; Moushegian and Jeffress, 1959; Whitworth and Jeffress, 1961;
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Trimble, 1928; Stevens and Newman, 1936; Batteau et al., 1965; Batteau and
Piante, 1962; Karlin, 1945; Sandel et al., 1955; Burger, 1958; Thurlow and
Runge, 1967; Wallach, 1939, 1940; wallach et al., 1949; Klensch, 1948;
Steinberg and Snow, 1934; Hartley and Fry, 1921; Wightman and Firestone,
1930; Coleman, 1962, 1963)

How sensitive is the binaural auditory system to interaural time and
amplitude differences?

{Durlach, 1972; Klumpp and Eady, 1956; Zwislocki and Feldman, 1956;
Hershkowitz and Durlach, 196%9a; Domnitz, 1973; Mills, 1960, 1972; Tobias
and Zerlin, 1959)

How do interaural time and intensity differences “trade" in determining
the lateralization of sounds?

Hornbostel and Wertheimer, 1920; Klemm, 1920; Shaxby and Gage, 1932;
Hughes, 1940; Deatherage and Hirsh, 1959; David et al., 1959; Leakey, et
al., 1958; Cherry and Sayers, 1959; Harris, 1960; Hafter and Carrier,
1972; Babkoff et al., 1973; Gilliom and Sorkin, 1972; Hershkowitz and

Durlach, 1969b)

What are the Timits of auditory frequency discrimination?

(Knudsen, 1923; Shower and Biddulph, 1931; Harris, 1952; Campbell and
Small, 1963; Sekey, 1963; Plomp, 1964; Plomp and Bouman, 1959; Plomp and
Levelt, 1965; Plomp and Mimpen, 1968; Nordmark, 1978; Terhardt, 1968;
Soderguist, 1970; Fletcher, 1940; Hawkins and Stevens, 1950; Bilger and
Hirsh, 1956; Shafer et al., 1950; Zwizker, 1952; Gassler, 1954; Zwicker
and Feldtkeller, 1955; Bauch, 1956; Hamilton, 1957; Zwicker et al., 1957;
Scharf, 1959, 1961; Greenwood, 1961; Green, 1965; Mulligan et al., 1968;
Ms1ligan and Elrod, 1970; Henning, 1970; Thurlow and Rawlings, 1959;
Trurlow and Bernstein, 1957; Pollack, 1964)

How is monaural intensity discrimination related to frequency and
intensity of tonal inputs?

‘Piesz, 1928; Miller, 1947; Tonndorf et al., 1955; Zwicker and
Feldtkeller, 1967; Rabinowitz et al., 1976; McGill and Goldberg, 1968;
Viemeister, 1972; Jesteadt et al., 1977; Fletcher and Munson, 1933;
2-,hinson and Dadson, 1956)

Wnat cues are available for monaural discrimination among the loudness of
complex sounds?

'iller, 1947 Hawkins and Stevens, 1950; Risset and Mathews, 1969; Grey
and Moorer, 1977; Huggins, 1952; Miller and Carterette, 1975; Iwicker and
Feidtheller, 1955; Zwicker et al., 1957; Scharf, 1970, 1962, 1959;
Poilack, 1952)
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9. Are reaction times to acoustic stimuli dependent on loudness?

(Chocholle, 1940, 1946, 1954; Chocholle and Greenbaum, 1966; Chocholle and ——d
DaCosta, 1971) . .
S

10. What are the joint effects of time uncertainty, S-R compatibility, and S
stimulus intensity on auditory choice-reaction times? H';ij
(Sanders, 1977; Sanders and Wertheim, 1973; Bernstein et al., 1973) . .

11. How may stimulus-response compatibility be adjusted for optimum reaction C e
times? : 33

(Smith, 1977; Hick, 1952; Hyman, 1953; Broadbent, 1971; Duncan, 1977;
Broadbent and Gregory, 1965; Sanders, 1977; Greenwald, 1972; Greenwald and o
Shulman, 1973; Audley et al., 1975) T

12. Is speed of reaction to stimuli influenced by the probability of stimulus
occurrence?

(Aud;ey et al., 1975; Sanders, 1977; Naatanen and Merisalo, 1977; Yellott,
1971
13. Is speed of vocal identification faster for geometric symbols than for

numerals?

(Forrin and Morin, 1967; Forrin, 1975)

14. Are reactions to stimuli of a symbolic nature (triangles, arrows, etc.) RN
influenced by the order of presentation of such stimuli? Sl
(Falmagne et al., 1975) t:i'i
' LB -
15. Do choice-reaction times increase as the number of signals (choices)
increase?
(Hick, 1952; Hyman, 1953; Leonard, 1959; Smith, 1977; Sanders, 1977) .
-
{ 16. If an operator is prepared for rapid reaction to one stimulus, will his S
{ reaction time to a second stimulus be affected? | R
! (Audley, et al., 1975; Remington, 1969; Schvaneveldt and Chase, 1969) RN
r R
{ <)
[ '."::' ;i
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17. what are the primary determinants of reaction times of successive L
responses to repeated events? £

(Smith et al., 1973; Rabbitt et al., 1975; Rabbitt, 1966; Rabbitt and e
Vyas, 1373) N

18. What task variables have been found to add or interact in their effects on
reaction times?

(Sternberg, 1969; Rabbitt, 1967; Posner et al., 1973; Sanders, 1977;
Sanders, 1970; Broadbent and Gregory, 1965; Brainard et al., 1962; Fitts
et al., 1963; Miller and Pachella, 1973; Bertelson and Barzeele, 1965;
Raab et al., 1961; Howell and Donaldson, 1962; Alegria and Bertelson,
1970; Egan et al., 1961)

19. Are reactions to auditory stimuli faster than reactions to visual
stimuli?

(Trumbo and Gaillard, 1975; Kohfeld, 1971)

e .
. RPN
PP RN N

A a2 0 8 o' a o 4

a
i

- "‘,.". 0

Sl BB e B Bl AL oA aalom L i as P AP SN U S L SRR S B




NAVTRAEQUIPCEN 80-D-0011/0037-2

APPENDIX 11.
LIST OF REFERENCES b

Alegria, J. and Bertelson, P. "Time uncertainty, number of alternatives and ;*Eﬁ
particular signal-response pair as determinants of choice reaction time," in S
A.F. Sanders (Ed.), Attention and performance II1. Amsterdam: North-Holland =
Publications, 1970, pp. 36-44. b

Audiey, R.J., Caudrey, D.J., Howell, P. and Powell, D.J. "Reaction time
exchange functions in choice tasks," in P.M.A. Rabbitt and S. Dornic (Eds.),
Attention and performance V. London: Academic Press, 1975, pp. 281-295.

Babkoff, H. and Sutton, S. "End point of lateralization for dichotic clicks," P
Journal of the acoustical society of America, 1966, 39, 87-102. i

Babkoff, H., Sutton, S. and Barris, M. "Binaural interaction of transients:
Interaural time and intensity asymmetry," Journal of the acoustical society .
of America, 1973, 53, 1028-1036. -]

Batteau, D.W. and Plante, R.L. "Localization of sound: Part 2. The mechanism
of human localization of sound with application in remote environments,”
U.S. Nav. Ordn. Test Stn. Rep., TP3109, part 2, 1962.

Batteau, D.W., Plante, R.L., Spencer, R.H. and Lyle, W.E. "Localization of -
sound: Part 5. Auditory perception," U.S. Nav. Ordn. Test Stn. Rep., TP3109, - 1
part 5, 1965.

Bauch, H. "“Die Bedeutung der Frequenzgruppe fur die Lautheit von Klangen,"
Acustica, 1956, 6, 40-45.

Bekesy, G. von. "The moon illusion and similar auditory phenomena," American - »7
journal of psychology, 1949, 62, 540-552.

Bekesy, G. von. "Neural funneling along the skin and between the inner and
outer hair cells of the cochlea," Journal of the acoustical society of
America, 1959, 31, 1236-1249.

Bekesy, G. von. Experiments in hearing. New York: McGraw Hill, 1960.

Bernstein, 1.H., Chu, P.K., Briggs, P.B. and Schurman, D.L. “Stimulus f;3.
intensity and foreperiod effects in intersensory facilitation," Quarterly e
journal of experimental psychology, 1973, 25, 171-181. -

Bertelson, P, and Barzeele, J. "Interaction of time-uncertainty and relative j(»_
signal frequency in determining choice reaction time," Journal of experimental S
psychology, 1965, 70, 448-451.

Bilger, R.C. and Hirsh, I.J. "Masking of tones by bands of noise," Journal of _‘,;
the acoustical society of America, 1956, 28, 623-630.

Blauert J. Raumliches Horen. Verlag Stuttgart: S. Hirzel, 1974.

e

ST

I1-1 - -9
o




.........................
.........................

NAVTRAEQUIPCEN 80-D-0011/0037-2 o
Blodgett, H.C., Jeffress, L.A. and Taylor, R.W, "Relation of masked threshold '-.f;'_ff
n to signal-duration for various interaural phase-combinations," American E—
journal of psychology, 1958, 71, 283-290. o
b v .',:1
N Blodgett, H.C., Jeffress, L.A. and Whitworth, R.H. “Effect of noise at one ear s
o on the masked threshold for tone at the other,” Journal of the acoustical B
society of America, 1962, 34, 979-98l. T
F Blodgett, H.C., Wilbanks, W.A. and Jeffress, L.A. "Effect of large interaural A
v time differences upon the judgment of sidedness,” Journal of the acoustical ’
! society of America, 1956, 28, 639-643. .
- Bourbon, W.T., Evans, T.R. and Deatherage, B.H. "Effects of intensity on M
‘critical bands' for tonal stimuli as determined by band limiting," Journal of
the acoustical society of America, 1968, 43, 56-59. ™
Bourbon, W.T. and Jef fress, L.A. "Effect of bandwidth of masking noise on \I
detection of homophasic and antiphasic tonal signals," Journal of the
acoustical society of America, 1965, 37, 1180. TS
Brainard, R.W., Irby, T.S., Fitts, P.M. and Alluisi, E.A. "Some variables 1
influencing the rate of gain of information," Journal of experimental o
psychology, 1962, 63, 105-110.

Broadbent, D.E. Decision and stress. New York: Academic Press, 1971.

Broadbent, D.E. and Gregory, M. "On the interaction of S-R compatibility with
variables affecting choice reaction time," Brittish journal of psychology,
1965, 56, 61-67.

Burger. J.F. "Front-back discrimination of the hearing system," Acustica,
1958, 8, 301-302. -

Campbell, R.A. and Small, A.M,, Jr. "Effect of practice and feedback on
frequency discrimination,” Journal of the acoustical society of America, 1963,

35, 1511-1514,

Carterette, E.C., Friedman, M.P. and Lovell, J.D. "Mach bands in hearing," ) _ .
Journal of the acoustical society of America, 1969, 45, 986-998. -

et e, !
PRI UV SN S

Caussé, R. and Chavasse, P. "Etudes sur 1a fatigue auditive," L'Annfe
Psychologique, 1947, 43-44, 265-298.

Cherry, E.C. and Sayers, B. McA. "On the mechanism of binaural fusion," ;"‘“_-1
Journal of the acoustical society of America, 1959, 31, 535.

Cherry, E.C. and Taylor, W.K. "Some further experiments upon the recognition
of speech, with one and with two ears," Journal of the acoustical society of
America, 1954, 26, 554-559.

Chocholle, R. "Variation des temps de reaction auditifs en fonction de
1'intensite a diverses frequences,” Annee psychologique, 1940, 41, 65-124.




Lt B
.............

NAVTRAEQUIPCEN 80-D-0011/0037-2

Chocholle, R. "Les temps de reaction absolus binauraux," Comptes rendus des
seances de la Societe de Biologie, 1946, 140, 496-497.

Chocholle, R. "Les temps de reaction: Leur utilization possible en
audiologie," Annales d'OtoLaryngologie, 1954, 71, 379-389.

Chocholle, R. and DaCosta, L. "Les temps de reaction a un son pur partiellement
masque contralateralement par deux sons purs simultanes choisis de part et
d'autre du premier," Comptes rendus des seances de la Societe de Biologie,
1971, 165, 36-41.

Chocholle, R. and Greenbaum, H.B. "La sonie de sons pur partiellement masques,"
Journal de psychologie, 1966, 4, 385-414.

Colburn, H.S. and Durlach, N.I. "Time-intensity relations in binaural
unmasking,* Journal of the acoustical society of America, 1965, 38, 93-103.

Coleman, P.D. "Failure to localize the source distance of an unfamiliar sound,"
Journal of the acoustical society of America, 1962, 34, 345-346.

Coleman, P.D. "An analysis of cues to auditory depth perception in free space,"
Psychological bulletin, 1963, 60, 302-315.

Corso, J.F. "“Absolute thresholds for tones of low frequency,” American journal
of psychology, 1958, 71, 367-374.

Corso, J.F. "Bone conduction thresholds for sonic and ultrasonic frequencies,"
Journal of the acoustical society of America, 1963, 35, 1738-1743.

Corso, J.F. The experimental psychology of sensory behavior. New York: Hoit,
Rinehart and Winston, 196/.

David, E.E., Jr., Guttman, N. and van Bergeijk, W.A. "Binaural interaction of
high-frequency complex stimuli," Journal of the acoustical society of America,
1959, 31, 774-782.

Davis, H., and Kranz, F. "International audiometric zero," Journal of the
acoustical society of America, 1964, 36, 1450-1454,

Davis, H., Morgan, C.I., Hawkins, J.E., Galambos, R. and Smith, F.W., "Temporary
deafness following exposure to lToud tones and noise," Acta Qto-Laryngologica,
1950, Suppl. 88., 1-87.

Deatherage, B.H., Davis, H., and Eldridge, D.H. "Physiological evidence for
the masking of low frequencies by high," Journal of the acoustical society of
America, 1957, 29, 132-137.

Deatherage, B.H. and Hirsh, I.J. "Auditory localization of clicks,"” Journal of
the acoustical society of America, 1959, 31, 486-492.

Diercks, K.J. and Jeffress, L.A. "Interaural phase and the absolute threshold el
for tone,” Journal of the acoustical society of America, 1962, 34, 981-984. DR
-t ‘- "..1




~
»

¢ w® - -
. l‘ PR AR
> YeteTa s

|

e XL N

NAVTRAEQUIPCEN 80-D-0011/0037-2

Dolan, T.R. and Robinson, D.E. "Explanation of masking-level differences that
result from interaural intensive disparities of noise,” Journal of the
acoustical society of America, 1967, 42, 977-981.

Domnitz, R. "The interaural time IND as a simultaneous function of interaural
time and interaural amplitude,” Journal of the acoustical society of America,
1973, 53, 1549-1552.

Duncan, J. "Response selection rules in spatial choice reaction tasks,” in
S. Dornic (Ed.), Attention and performance VI. Hillsdale, N.J.: Lawrence
Er 1baum Associates, 19//, pp 49-b!l.

Durlach, N.I. "Equalization and cancellation theory of binaural masking-level
differences,” Journal of the acoustical society of America, 1963, 35, 1206-
1218.

Durlach, N.I. "Binaural signal detection: Equalization and cancellation
theory, in J.V. Tobias (Ed.), Foundations of modern auditory theory, vol. 2.
New York: Academic Press, 1972, pp. 360-362.

Durlach, N.I. and Braida, L.D. "Intensity perception. I. Preliminary theory
of intensity resolution," Journal of the acoustical society of America, 1969,
46, 372-383.

Egan, J.P. "Masking-level differences as a function of interaural disparities
in intensity of signal and of noise," Journal of the acoustical society of
America, 1965, 38, 1043-1049.

Egan, J.P., Greenberg, G.Z. and Schulman, A.I. "Interval of time uncertainty
in auditory detection," Journal of the acoustical society of America, 1961,
33, 771-778.

Egan, J.P. and Hake, H.W. "On the masking pattern of a simple auditory
stimulus,” Journal of the acoustical society of America, 1950, 22, 622-630.

Egan, J.P., Linder, W.A. and McFadden, D. "Masking level differences and the
form of the psychometric function," Perception and psychophysics, 1969, 6,
209-215. -

E1liott, D.N. and Fraser, W.R. "“Fatigue and adaptation,” in J.V. Tobias (Ed.),
Foundations of modern auditory theory, vol 1. New York: Academic Press,
1970, pp. 117-155.

E1liot, L.L. "Backward masking: monotic and dichotic conditions," Journal
of the acoustical society of America, 1962a, 34, 1108-1115.

Elliot, L.L. "Backward and forward masking of pure tones of different
{Ifqufncies,“ Journal of the acoustical society of America, 1962b, 34,
6-1117. -

Falmagne, J.C., Cohen, S.P, and Dwivedi, A. "Two-choice reactions as an ordered

memory scanning process,” in P.M.A. Rabbitt and S. Dornic (Eds.), Attention
and performance V. London: Academic Press, 1975, pp. 296-344.

I1-4

...........



NAVTRAEQUIPCEN 80-D-0011/0037-2

Fedderson, W.E., Sandel, T.T., Teas, D.C. and Jeffress, L.A. "Localization of
high-frequency tones,” Journal of the acoustical society of America, 1957,
29, 988-991.

Feldtkeller, R. and Zwicker, E. Das Ohr als Nachrichtenempfanger, Stuttgart:
S.H. Verlag, 1956.

Fitts, P.M., Peterson, J.R. and Wolpe, G. "Cognitive aspects of information
processing I1: Adjustments to stimulus redundancy," Journal of experimental

psychology, 1963, 65, 423-432.

Flanagan, J.L., David, E.E., Jr. and Watson, B.J. "Binaural lateralization of
cophasic and antiphasic clicks,"” Journal of the acoustical society of America,
1964, 36, 2184-2193.

Fletcher, H. *“Auditory patterns,” Review of modern physics, 1940, 12, 47-65.

Fletcher, H. and Munson, W.A. "Loudness, its definition, measurement and
calculation,” Journal of the acoustical society of America, 1933, 5, 82-108.

Forrin, B. "Naming latencies to mixed sequences of letters and digits," in
P.M.A. Rabbitt and S. Dornic (Eds.), Attention and performance V. London:
Academic Press, 1975, pp. 345-356.

Forrin, B. and Morin, R.E. "Effects of context on reaction time to optimally
coded signals,” in A.F. Sanders (Ed.), Attention and performance I. North
Holland, Amsterdam, 1967, pp. 188-196.

Gardner, M.B. "Short duration auditory fatigue as a method of classifying
hearing impairment," Journal of the acoustical society of America, 1947, 19,
178-190.

Garner, W.R. "Auditory thresholds of short tones as a function of repetition
rates," Journal of the acoustical society of America, 1947a, 19, 600-608.

Garner, W.R. "The effect of frequency spectrum on temporal integration of
energy in the ear," Journal of the acoustical society of America, 1947p, 19,
808-815.

Garner, W.R. and Miller, G.A. "Differential sensitivity to intensity as a
function of the duration of the comparison tone," Journal of experimental
psychology, 1944, 34, 450-463.

Gassler, G. "Ueber die Horschwelle fur Schallereignisse mit Verschieden
Breitem Frequenzspektrum," Acustica, 1954, 4, 408-414.

Gilliom, J.D. and Sorkin, R.D. "Discrimination of interaural time and
intensity," Journal of the acoustical society of America, 1972, 52, 1635-1644.

Gjaevenes, K. and Rimstad, £.R. "The influence of rise time on loudness,"
Journal of the acoustical society of America, 1972, 51, 1233-1239.

Goldstein, J.L. "Auditory nonlinearity," Journal of the acoustical society of
America, 1967, 41, 676-689.

I1-5

. - . DU S S S I S Sy S S . PO PP

oo,

P
=
e
]
'.,j"_..',j‘L
]

PN

Lo b



n rv*-“—v. T
AN L8 T
AR PP

PN
R

LU
P4 ST L P P
.
.

NAVTRAEQUIPCEN 80-D-0011/0037-2

Goodnow, R.K. and Jeffress, L.A. "Intelligibility as a function of interaural
time delay," Journal of the acoustical society of America, 1957, 29, 184 (A).

Green, D.M, "Detection of multiple component signals in noise,” Journal of the
acoustical society of America, 1958, 30, 904-911.

Green, D.M. “Auditory detection of a noise signal,” Journal of the acoustical
society of America, 1960, 32, 121-13l.

Green, D.M. “Detection of auditory sinusoids of uncertain frequency," Journal
of the acoustical society of America, 1961, 33, 897-903.

Green, D.M. “Masking with two tones,” Journal of the acoustical society of
America, 1965, 37, 802-813.

Green, D.M. "Interaural phase effects in the masking of signals of different
durations,” Journal of the acoustical society of America, 1966, 39, 720-724.

Green, D.M., Birdsall, T7.G., and Tanner, W.P,, Jr. "Signal detection as a
function of signal intensity and duration," Journal of the acoustical society
of America, 1957, 29, 523-53l.

Green, D.M,, McKey, M.J. and Licklider, J.C.R. "Detection of a pulsed sinusoid
in noise as a function of frequency," Journal of the acoustical society of
America, 1959, 31, 1446-1452.

Green, D.M. and Swets, J.A. Signail detection theory and psychophysics.
New York: John Wiley & Sons, Inc., 1960.

Greenwald, A.G. "On doing two things at once: 1. Time sharing as a function of
ideomotor compatibility,” Journal of experimental psychology, 1972, 94, 52-57.

Greenwald, A.G. and Shulman, H.G. "On doing two things at once: 1II.
Elimination of PRP effect,” Journal of experimental psychology, 1973, 101,
70-76.

Greenwood, D.D. "Auditory masking and the critical band," Journal of the
acoustical society of America, 1961, 33, 484-502.

Gréenwood, D.D. *“Critical bandwidth and the frequency coordinates of the
basilar membrane," Journal of the acoustical society of America, 1961, 33,
1344-1356. (b).

Grey, J.M. and Moorer, J.A. "Perceptual evaluation of synthesized musical
instrument tones," Journal of the acoustical society of America, 1977, 62,
454-466.

Gulick, W.L. Hearing physiology and psychophysics. New York: Oxford
University Press, 19/1.

Guttman, N. "A mapping of binaural click lateralizations," Journal of the
acoustical society of America, 1962, 34, 87-92.

11-6

'

. ® ... ,‘
] B .

. P .
- . « .
. PASTEN .
s et L

.?*
-4

.
PR

e te e e e

abednaod 8 8 0 1 '

-
ana’ s




------------------

NAVTRAEQUIPCEN 80-D-0011/0037-2 %-;{

.-:3

Hafter, E.R. and Carrier, S.C. "Binaural interaction in low-frequency stimuli: -Af:

The inability to trade time and intensity completely,"” Journal of the ]
acoustical society of America, 1972, 51, 1852-1862. i

Hall, J.L. "Monaural phase effect: cancellation and reinforcement of distor- o
tion products fp-f1 and 2fy-f2," Journal of the acoustical society of e
America, 1972, 51, 1872-1881. .

Hamilton, P.M. *"Noise masked thresholds as a function of tonal duration," b g
Journal of the acoustical society of America, 1957, 29, 506-511.

Harris, J.D. "Pitch discrimination,” Journal of the acoustical society of
America, 1952, 24, 750-755.

Harris, 6G.G. “Binaural interactions of impulsive stlmu11 and pure tones,”
Journal of the acoustical society of America, 1960, 2 2, 685-692.

. Harris, G.G., Flanagan, J.L. and Watson, B.J. "Binaural interaction of a click
with a click pair," Journal of the acoustical society of America, 1963, 35, Co
672-678. -

MRS ) O
s
b

Hartley, R.V.L. and Fry, T.C. "The binaural location of pure tones," Phys.
rev., 1921’ -1_§‘ Ser. 2’ 431-4420

Hawkins, J.E., Jr. and Stevens, S.S. "The masking of pure tones and of speech

v
dedh

by white noise," Journal of the acoustical society of America, 1950, 22, 6-13. -

Hellman, R.P. “Growth of loudness at 1000 and 3000 Hz," Journal of the acoustic S

society of America, 1976, 60, 672-679. O

& Henning, G.B. "“Frequency discrimination in noise," Journal of the acoustic L;ﬁw
M society of America, 1957, 41, 774-777. -

Henning, G.B. "Amplitude discrimination in noise, pedestal experiments, and
additivity of masking,” Journal of the acoustical society of America, 1969,
45, 426-435.

Henning, G.B. "A comparison of the effects of signal duration on frequency and
amplitude discrimination,” in R. Plomp and G.F. Smoorenburg (Eds.), Freguency

analysis and periodicity detection in hearing. Leiden: A.W. Sijthoff, 1970, 7
pp. 350-361. ]
e

Henning, G.B. "Effect of interaural phase on frequency and amplitude discrimi- j?}\
nation," Journal of the acoustical society of America, 1973, 54, 1160-1178. ;Tﬂ
Hershkowitz, R.M. and Durlach, N.I. "“Interaural time and amplitude JND's for a ;%
500-Hz tone," Journal of the acoustical society of America, 1969a, 46, 1464- N
1467. -’
:.1

Hershkowitz, R.M. and Durlach, N.I. "An unsuccessful attempt to determine the -
tradability of interaural time and interaural intensity," Journal of the R
acoustical society of America, 1969b, 46, 1583-1584, oy
-3

'1

..........................

.........................................................

............................
SO W R SR SRR WP WPy ST VP A S




...........................

NAVTRAEQUIPCEN 80-D-0011/0037-2

Hick, W.E. "On the rate of gain of information," Quarterly journal of
experiment psychology, 1952, 4, 11-26.

Hickling, S. “Hearing test patterns in noise induced temporary hearing lcss,"”
Journal of auditory research, 1967, 7, 63-76.

Hirsh, 1.J. "The influence of interaural phase on interaural summation and
inhibition," Journal of the acoustical society of America, 1948, 20,
536-544.

Hirsh, I.J. and Bilger, R.C. "Auditory-threshold recovery after exposures to
pure tones," Journal of the acoustical society of America, 1955, 27, 1186-
1194,

Hirsh, 1.J. and Burgeat, M. "Binaural effects in remote masking," Journal of
the acoustical society of America, 1958, 30, 827-832.

Hirsh, 1.J. and Sherrick, C.E. "Perceived order in different sense modalities,"
Journal of experimental psychology, 1961, 62, 423-432.

Hirsh, 1.J. and Ward, W.D. "Recovery of the auditory threshold after strong
acoustic stimulation," Journal of the acoustical society of America, 1952,
24, 131-141.

Hirsh, 1.J. and Webster, F.A. "Some determinants of interaural phase effects,"
Journal of acoustical society of America, 1949, 21, 496-501.

Hood, J.D. *"Studies in auditory fatigue and adaptation," Acta oto-laryngo-
logica, 1950, Suppl. 92, 1-57.

Hornbostel, E.M. von and Wertheimer, M. "“Ueber die Nahrnehmuna_der
Schallrichtung," Sitzungsbericte der Deutschen Akademie der Wissenschaften

zu Berlin, 1920, 15, 388-396.

Howell, W.C. and Donaldson, J.E. "Human choice reaction time within and among iffy
sense modalities," Science, 1962, 135, 429-430. o

Huggins, W.H. "“A phase principle for complex-frequency analysis and its ;
implication in auditory theory," Journal of the acoustical society of America, -
1952, 24, 582-589. o

Hughes, J.W. "The upper frequency 1imit for the binaural localization of a pure
tone by a phase difference," Proceedings of the royal society (London), Series A
B, 1940, 128, 293-305. IR

experimental psychology, 1953, 45, 188-196.

Hyman, R. “Stimulus information as a determinant of reaction time," Journal of gufﬁ
AR
y

Jeffress, L.A., "Stimulus-oriented approach to detection," Journal of the
acoustical society of America, 1964, 36, 766-774.

Jeffress, L.A., Blodgett, H.C. and Deatherage, B.H. "The masking of tones by s
white noise as a function of the interaural phases of both components. 1. S

500 cycles,” Journal of the acoustical society of America, 1952, 24, 523-527. N
11-8

..........

L. . A . P St Y S S . . . B . T S P B .
A PULIPIIY S S Sull S TRt VO Yol W, S AN, S VLI T ST T U Ay P G Sy ey PRSP IR L R IPUE TRy S W W W S P R P




Ty . AERa T, N T " v T P AP e LRt it I A S A TR TN T T % —
L o - . P R L N S - . L. SR T T LT '1

NAVTRAEQUIPCEN 80-D-0011/0037-2

Jef fress, L.A., Blodgett, H.C. and Deatherage, B.H. "Masking and interaural oo
phase. II. 167 cycles,"” Journal of the acoustical society of America, 1962, =
34, 1124-1126. *

Jeffress, L.A., Blodgett, H.C., Sandel, T.T. and Wood, C.L., III. *“Masking of
tonal signals," Journal of the acoustical society of America, 1956, 28,
416-426.

Jesteadt, W., Wier, C.G. and Green, D.M. "Intensity discrimination as a
function of frequency and sensation level," Journal of the acoustical society
of America, 1977, 61, 169-177.

Karlin, J.E. "Auditory tests for the ability to discriminate the pitch and the o
loudness of noises," U.S. Office Scient. Res. Dev. Rep. 5294, 1945, » |

Klemm, 0. "Untersuchungen uber die Lokalisation von Schallreizen. Uber den
Einfluss des binauralen Zeitunter-Schiedes auf die Localisation,” Archiv fur
die gesamte Psychologie, 1920, 40, 117-146.

Klensch, H. "Beitrag zur Frage der Lokalisation des Schalles im Raum,”
Pflugers Archiv fur die gesamte Physiologie, 1948, 250, 492-500.

T
_ "} o
A4

Kiumpp, R.G. and Eady, H.R. "Some measurements of interaural amplitude
asymmetry,” Journal of the acoustical society of America, 1956, 28, 859-860.

Knudsen. V.0. "The sensibility of the ear to small differences in intensity . .
and frequency," Physical review, 1923, 21, 84-103. :

Kohfeld, D. *"Simple reaction time as a function of stimulus intensity in i;,;;
decibels of light and sound," Journal of experimental psychology, 1971, 88, R
251-257. -

Langford, T.L. and Jeffress, L.A. "Effect of noise crosscorrelation on binaural
signal detection,” Journal of the acoustical society of America, 1964, 36,
1455-1458.

Leakey, D.M., Sayers, B. McA., Cherry, C. "Binaural fusion of low- and high- -]
frequency sounds,” Journal of the acoustical society of America, 1958, 30, L
222. .

Leonard, J.A. "Tactual choice reactions: I.," Quarterly journal of
experimental psychology, 1959, 11, 76-83.

Levelt, W.J.M., Riemersma, J.B8. and Bunt, A.A. "Binaural additivity of loud-
ness,” British journal of mathematical and statistical psychology, 1972, 25, SR
5 1-6 8. : :‘.‘ _':‘

Licklider, J.C.R. "The influence of interaural phase relations upon the S
masking of speech by white noise," Journal of the acoustical society of 2
America, 1948, 20, 150-159. S,

Lickiider, J.C.R. "Basic correlates of the auditory stimulus,* in S.S.
Stevens (Ed.), Handbook of experimental psychology. New York: Wiley, 1951, AR
CH0 25. :- Q':':‘

I1-9




'
y
el
—

NAVTRAEQUIPCEN ¢~ D-0011/0037-2

Luscher, E. and 2wislocki, J. "Adaptation of the ear to sound stimuli,"
Journal of the acoustical society of America, 1949, 21, 135-139.

McFadden, D. "Masking-level differences determined with and without interaural
disparities in masker intensity," Journal of the acoustical society of
America, 1968, 44, 212-223.

McFadden, D. and Sharpley, A.D. "Detectability of interaural time differences
and interaural level differences as a function of signal duration,” Journal
of the acoustical society of America, 1972, 52, 574-576.

McGill, W.J. and Goldberg, J.P. “Pure-tone intensity discrimination and energy
detection," Journal of the acoustical society of America, 1968, 44, 576-581.

Maré, G. de. “Audiometrische Untersuchungen uber das Verhalten des normalen und
schwerhorigen Ohres bei funktioneller Belastung, nebst Bemerkungen zur Theorie
des Gehors,” Acta oto-laryngol., 1939, Suppl. 31.

Margolis, R.H. and Small, A.M. "The measurement of critical masking bands,"
Journal of speech and hearing research, 1975, 18, 571-587.

Metz, P.J., Bismarck, G. von and Durlach, N.1. "Further results on binaural
unmasking and the EC model. II. Noise bandwidth and interaural phase,"
Journal of the acoustical society of America, 1968, 43, 1085-1091.

Miller, G.A. “Sensitivity to changes in the intensity of white noise and its
relation to masking and loudness,” Journal of the acoustical society of
America, 1947, 19, 609-619.

Miller, J.R. and Carterette, E.C. "Perceptual space for musical structures,"
Journal of the acoustical society of America, 1975, 58, 711-720.

Miller, J.D. and Pachella, R.G. "Focus of the stimulus probability effect,”
Journal of experimental psychology, 1973, 101, 227-231.

Mills, A.W. "On the minimum audible angle,” Journal of the acoustical society

Mills, A.W. "Lateralization of high-frequency tones," Journal of the acoustical
society of America, 1960, 32, 132-134.

Mills, A.W. "Auditory localization,"” in J.V. Tobias (Ed.), Foundations of
modern auditory theory. Vol. 2. New York: Academic Press, 1972, pp. 303-348.

Mills, J.H., Gengel, R.W., Watson, C.S. and Miller, J.D. "Temporary changes of
the auditory system due to exposure to noise for one or two days," Journal of
the acoustical society of America, 1970, 48, 524-530.

Mosko, J.D., Fletcher, J.L. and Luz, G.A. "Growth and recovery of temporary
threshold shifts following extended exposure to high-level, continuous noise,"
(U.S. AMRL Rep. No. 911), Fort Knox, Kentucky: U.S. AMRL, 1970.

Moushegian, G. and Jeffress, L.A. "Role of interaural time and intensity
differences in the lateralization of low-frequency tones," Journal of the
acoustical society of America, 1959.;%5 1441-1445.,

I1-

......................................................

.....................
..........................................
......

e

P

-

.......
......



..........

NAVTRAEQUIPCEN 80-D-0011/0037-2 I ..

Mulligan, B.E. "Signal frequency and interaural phase in binaural detection," L
Journal of the acoustical society of America, (in preparation). o

Mulligan, B.E., Adams, J.C., Mulligan, M.J., and Burwinkle, R.E. "Prediction of
monaural detection," Journal of the acoustical society of America, 1968, 43,

481-486.
Mulligan, B.E. and Adams, J.C. “Effect of sound on subsequent detection," S
Journal of the acoustical society of America, 1968, 44, 1401-1408. b

Mulligan, B.E. and Cornelius, P.T. "Note on psychometric invariance of
detection functions,” Journal of the acoustical society of America, 1972,
52, 1207-1208.

Mulligan, B.E. and Elrod, M. "Table of detectability functions - i, %, ds, b
Ae, and p(C)," Doc NAPS 00979, deposited with the ASIS Nat. Aux. Pub.
Sgrvice. ¢/o CCM-Information Corporation, 909 Third Avenue, New York, NY
10022. (a).

Mulligan, B.E. and Elrod, M. "Monaural detection and filtering,” Journal of e
the acoustical society of America, 1970, 47, 1548-1556. (b). s

Mulligan, B.E., Mulligan, M.J. and Stonecypher, J.F. “Critical band in
binaural detection,” Journal of the acoustical society of America, 1967, 41,
7-12.

Mulligan, B.E. and Wilbanks, W.A. "Effect of noise at one ear on the detection e
of a signal at the other ear," Journal of the acoustical society of America, L
1965, 37, 1179 (A).

Munson, W.A. and Gardner, M.B. "Loudness patterns - a new approach," Journal of ERN
the acoustical society of America, 1950, 22, 177-190. - —

Naatanen, R. and Merisalo, A. "Expectancy and preparation in simple reaction
time,* in S. Dornic (Ed.), Attention and performance VI. Hillsdale, N.J.:
Lawrence Erlbaum Associates, s PP. .

Nordmark, J.0. "Frequency and periodicity analysis,"” in E.C. Carterette and
M.P. Friedman (Eds.), Hanbook of perception, Vol. IV. Hearing. New York:
Academic Press, 1978, pp. 243-282.

Olsen, W.0. and Carhart, K. "Integration of acoustic power at threshold by e
normal hearers,” Journal of the acoustical society of America, 1966, 40, i
591-599. —-—

Osman, E. and Raab, D.H. "Temporal masking of clicks by noise bursts," Journal
of the acoustical society of America, 1963, 35, 1939-1941.

Patterson, R.D. "Effect of amplitude on auditory filter shape," Journal of the -
acoustical society of America, 1971, 49, 81 (A). ~ =

Patterson, R.D. “Auditory filter shape,* Journal of the acoustical society of oy
America, 1974, 55, 802-809. o




NAVTRAEQUIPCEN 80-D-0011/0037-2

Patterson, R.D. “Auditory filter shapes derived with noise stimuli,* Journal of

the acoustical society of America, 1977, 59, 640-654.

Patterson, R.D. and Henning, G.B. "Stimulus variability and auditory filter
shape," Journal of the acoustical society of America, 1977, 62, 649-664.

Pinheiro, M.L. and Tobin, H. "Interaural intensity~differences for intracranial
lateralization," Journal of the acoustical society of America, 1969, 46, 1482-
1487.

Plomp, R. *"Rate of decay of auditory sensation,"” Journal of the acoustical
society of America, 1964, 36, 277-282. (a).

Plomp, R. "The ear as a frequency analyzer," Journal of the acoustical society
of America, 1964, 36, 1628-1636.

Plomp, R. and Bouman, M.A. *“Relation between hearing thresholds and duration of
pure tone pulses,” Journal of the acoustical society of America, 1959, 31,
749-758.

Plomp, R. and Levelt, W.J.M. "Tonal consonance and critical bandwidth," Journal

of the acoustical society of America, 1965, 38, 548-560.

Plomp, R. and Mimpen, A.M. “"The ear as a frequency analyzer. I1," Journal of
the acoustical society of America, 1968, 43, 764-767.

Pollack, I. “The Toudness of bands of noise,” Journal of the acoustical society

of America, 1952, 24, 533-538,

Pollack, I. “Loudness of periodically interrupted white noise," Journal of the
acoustical society of America, 1958, 30, 181-185.

Pollack, I. "Ohm's acoustical law and short-term auditory memory,* Journal of
the acoustical society of America, 1964, 36, 2340-2345.

Pollack, I. and Trittipoe, W.J. "Binaural listening and interaural noise cross
correlation,” Journal of the acoustical society of America, 1959a, 31, 1250-
1252.

Pollack, I. and Trittipoe, W.J. "Interaural noise correlations: Examination of
variables,” Journal of the acoustical society of America, 1959b, 31, 1616-
1618.

Port, E. "Ueber die Lautstarke einzelner kurzer Schallimpulse," Acustica, 1963,
13, 212-223.

Posner, M.l., Klein, R., Summers, J. and Buggie, S. "On the selection of
signals," Memory and cognition, 1973, 1, 2-12,

Raab, D.H. "Forward and backward masking between acoustic clicks," Journal of
the acoustical society of America, 1961, 33, 137-139.

Raab, D.H., Fehrer, E. and Hershenson, M, "Visua) reaction time and the Broca-
Sulzer phenomenon,” "Journal of experimental psychology, 1961, 61, 193-199.

I1-12

.................................................

............................

.........................................

-

.........
~~~~~~~




NAVTRAEQUIPCEN 80-D-0011/0037-2

Rabbitt, P.M.A. "Errors and error correction in choice-response tasks," Journal
of experimental psychology, 1966, 71, 264-272.

Rabbitt, P.M.,A. "Signal discriminability, S-R compatibility and choice reaction
time," Psychonomic science, 1967, 7, 419-420.

Rabbitt, P.M.A. and Vyas, S.M. “What is repeated in the repetition effect?,"
in S. Kornblum (Ed.), Attention and performance IV. New York: Academic
Press, 1973.

Rabbitt, P.M.A., Vyas, S. and Fearnley, S. "Programming sequences of complex ';5_,
responses,* in P.M.A. Rabbitt and S. Dornic (Eds.), Attention and performance o
V. London: Academic Press, 1975.

Rabiner, L.R., Lawrence, C.L. and Durlach, N.I. "“Further results on binaural o |
unmasking and the EC model," Journal of the acoustical society of America, i
1966, 40, 62-70.

Rabinowitz, W.M., Lim, J.S., Braida, L.D. and Durlach, N.I. "Intensity percep- o]
tion. VI. Summary of recent data on deviations from Weber's law for 1000-Hz i
tone pulses,” Journal of the acoustical society of America, 1976, 59, 1506- D
1509. ,

Remington, R.J. "Analysis of sequential effects in choice reaction times," 0
Journal of experimental psychology, 1969, 82, 250-257.

Riach, W., Elliot, D.N. and Reed, J.C. "Growth of loudness and its relationship B
to intensity discrimination under various levels of auditory fatigue," Journal
of the acoustical society of America, 1962, 34, 1764-1767.

Riesz, R.R. "Differential intensity sensitivity of the ear for pure tones," .
Physic. rev., 1928, 31, 867-875. -

Rilling, M.E. and Jeffress, L.A. "Narrow-band noise and tones as signals in R
binaural detection," Journal of the acoustical society of America, 1965, 38, PRSCE
202-206. RN

Risset, J.C. and Mathews, M.V, "Analysis of musical instrument tones,* ;‘ B
Physics today, 1969, 22, 23-30. N

discrete perceptual-moment hypothesis in audition,® Journal of the acoustical
society of America, 1971, 50, 1512-1519.

Robinson, C.E. and Pollack, I. "Forward and backward masking: Testing a iﬁﬁ;é
S
]

Robinson, D.E. and Jeffress, L.A. "Effect of varying the interaural noise
correlation on the detectability of tonal signals," Journal of the acoustical
society of America, 1963, 35, 1947-1952.

Robinson, D.W. and Dadson, R.S. "A re-determination of the equal-loudness fﬁrig

relations for pure tones,"” British journal of applied physics, 1956, 7,
166-181. - ’ = b




T T T
P . . ‘. ‘..'. T

LR atul S S A A S . SR S SN S ot N T —
. - . - " N . M - PR A PRI S e Y . - . e e e T -t - .

......

NAVTRAEQUIPCEN 80-D-0011/0037-2

Sandel, T7.T., Teas, D.C., Fedderson, W.E. and Jeffress, L.A. "Localization of
sound from single and paired sources," Journal of the acoustical society of
America, 1955, 27, 842-852.

Sanders, A.F. “Some variables affecting the relation between relative signal
frequency and CRT,* in A.F. Sanders (Ed.), Attention and performance 111.
Amsterdam: North-Holland Publications, 1970, pp. 45-55.

Sanders, A.F. "Structural and functional aspects of the reaction process,” in
S. Dornic (Ed.), Attention and performance VI. Hillsdale, N.J.: Lawrence
Eribaum Associates, 197/, pp. 3-25.

Sanders, A.F. and Wertheim, A.H. "The relation between physical stimulus
properties and the effect of foreperiod duration on reaction time," Quarterly
journal of experimental psychology, 1973, 25, 201-206.

Sayers, B. McA. "Acoustic-image lateralization judgements with binaural tones,*
Journal of the acoustical society of America, 1964, 36, 923-926.

Sayers, B. McA. and Cherry, E.C. “Mechanism of binaural fusion in the hearing
of speech," Journal of the acoustical society of America, 1957, 29, 973-987.

Sayers, B. McA. and Lynn, P.A. "Interaural amplitude effects in binaural
hearing," Journal of the acoustical society of America, 1968, 44, 973-978.

Schafer, T.H., Gales R.S., Shewmaker, C.A. and Thompson, P.0. "The frequency
selectivity of the ear as determined by masking experiments," Journal of the
acoustical society of America, 1950, 22, 490-496.

Scharf, B. "Critical bands and the loudness of complex sounds near threshold,"
Journal of the acoustical society of America, 1959, 31, 365-370.

Scharf, B. "Loudness summation under masking,”" Journal of the accustical
society of America, 1961, 33, 503-511.

Scharf, B. "Loudness summation and spectrum shape," Journal of the acoustical
society of America, 1962, 34, 228-233.

Scharf, B. "Critical bands,"” in J.V. Tobias (Ed.), Foundations of modern
auditory theory, Vol. I. New York: Academic Press, 1970, pp. -

Scharf, B. “Doudness and frequency selectivity at short durations," in
R. Plomp and G.F. Smoorenburg (Eds.), Frequency analysis and periodicity
detection in hearing. Leiden, Netherlands: A.,W. Sijthoff, 1970, pp. 455-461.

{b).
Scharf, B. "Fundamentals of auditory masking," Audiology, 1971, 10, 30-40.

Scharf, B. "Loudness," in E.C. Carterette and M.P. Friedman (Ed.), Handbook of
perception IV. New York: Academic Press, 1978.

Scharf, B. and Fishken, D. "Binaural summation of loudness: reconsidered,"
Journal of experimental psychology, 1970, 86, 374-379.

I1-14




i. T N A A S TR TP S AL A . ol AP s e Sia aeet el g s pies o - -
~ - - s Te Te T . - - - S Te T e e ot . K s TR TR T YT S W oy -

Sl

i NAVTRAEQUIPCEN 80-D-0011/0037-2

[ Schenkel, K.0. "Uber die Abhangigkeit der Mithorschwellan von der Interauralen
Phasenlage des Testschalls,” Acustica, 1964, 14, 337-346.

Schubert, E£.D. "Some preliminary experiments on binaural time delay and b ..
intelligibility," Journal of the acoustical society of America, 1956, 28, =

4

E 895-901. :

3 R

* Schvaneveldt, R.W. and Chase, W.G. "Sequential effects in choice reaction -L*{é
time,* Journal of experimental psychology, 1969, 80, 1-8. ’ =

Selters, W. "Adaptation and fatigue," Journal of the acoustical society of R
America, 1964, 36, 2202-2209. fo

Shafer, T.H., Gales, R.S., Shewmaker, C.A. and Thompson, P.0. "The frequency .
selectivity of the ear as determined by masking experiments,” Journal of the y
acoustical society of America, 1950, 22, 490-496. T

Shaw, E.A.G. “Transformation of sohnd pressure level from the free field to the
eardrum in the horizonta) plane,” Journal of the acoustical society of S
America, 1974a, 56, 1848-1861. RS

Shaw, E.A.G. “The external ear," in W.D. Keidel and W.D. Neff (Eds.), Handbook
of sensory physiology, Vol. V/I. New York: Springer-Verlag, 1974b.

Shaw, E.A.G. and Piercy, J.E. "Physiological noise in relation to audiometry,"
Journal of the acoustical society of America, 1962, 34, 754(A).

Shaxby, J.H. and Gage, F.H. “The localization of sounds in the median plane: An
experimental investigation of the physical processes involved," Medical S
Research Council (Britian), Special Report, 1932, Ser. No. 166, pp. 1-32. S

Shower, E.G. and Biddulph, R. “Differential pitch sensitivity of the ear,” .
Journal of the acoustical society of America, 1931, 3, 275-287. S

Smith, E.E., Chase, W.G. and Smith, P.G. "Stimulus and response repetition
effects in retrieval from short-term memory: Trace decay and memory search,"
Journal of experimental psychology, 1973, 98, 413-422.

Smith, G.A. “Studies of compatibility and a new model of choice reaction time," )
in S. Dornic (Ed.), Attention and performance VI. Hillsdale, N.J.: Lawrence s
Erlbaum Associates, 197//. -
Soderquist, D.R. "Frequency analysis and the critical band," Psychonomic o
science, 1970, 21, 117-119. i S
\ Sondhi, M.M, and Guttman, N. "Width of the spectrum effective in the binaural R
. release of masking," Journal of the acoustical society of America, 1966, 40, T
: 600-606. :
Stein, H.J. "Das Absinken der Mithorschwelle nach dem Abschalten von weissem ;\’ *
Rauschen," Acustica, 1960, 10, 116-119. ST

Steinberg, J.C. and Snow, W.B. "Physical factors in auditory perception,” Bell Iﬁ@?
system tech. journal, 1934, 13, 245-258, e

', 11-15 L

' » 8 ¥ T 7 Ty




ST R

-

.
.
.

.....................
...........................

» -

g

~%c T e" .
.........

NAVTRAEQUIPCEN 80-D-0011/0037-2

Sternberg, S. "The discovery of brocessing stages: Extensions of Donders'
method," in W.G. Koster (Ed.), Attention and performance 1l1. Amsterdam:
North-Holland Publications, 1969, pp. 2/6-315.

Stevens, S.S. and Davis, H. Hearing: Its psychology and physiology. New York:
Wiley, 1938.

Stevens, S.S. and Newman, E.B, "The localization of actual sources of sound,"
American journal of psychology, 1936, 48, 297-306.

Swets, J.A., Green, D.M. and Tanner, W.P., Jr. "On the width of critical
bands," Journal of the acoustical society of America, 1962, 34, 108-113.

Teas, D.C. "Lateralization of acoustic transients," Journal of the acoustical
society of America, 1962, 34, 1460-1465.

Terhardt, E. "Uber die durch amplitudenmodulierte Sinustone hervorgervfen
Jorepfindung,” Acustica, 1968, 20, 210-214.

Thurlow, W.R. and Bernstein, S. “Simultaneous two-tone pitch discrimination,”
Journal of the acoustical society of America, 1957, 29, 515-519.

Thurlow, W.R. and Rawlings, I.L. "Discrimination of number of simultaneously
sounding tones," Journal of the acoustical society of America, 1959, 31,
1332-1336. -

Thurlow, W.R. and Runge, P.S. “Effect of induced head movements on localization
of direction of sounds,” Journal of the acoustical society of America, 1967,
42, 480-488.

Tobias, J.V. and Zerlin, S. "Lateralization threshold as a function of stimulus
duration," Journal of the acoustical society of America, 1959, 31, 1591-1594.

Tonndorf, J., Brogan, F.A. and Washburn, D.D. "Auditory DL of intensity in
normal hearing subjects," Archives of oto-laryngology, 1955, 62, 292-305.

Trimble, 0.C. “The theory of sound localization: a restatement," Psychological
Review, 1928, 35, 515-523.

Trumbo, D.A. and Gaillard, A.W.K. "Drugs, time uncertainty, signal modality,
and reaction time," in P.M,A, Rabbitt and S. Dornic (Eds.), Attention and
performance V. London: Academic Press, 1975, pp. 441-454.

Viemeister, N.F. "Intensity discrimination of pulsed sinusoids: The effects of
filtered noise," Journal of the acoustical society of America, 1972, 51, 1265-
1269.

wallach, H. "On sound localization,” Journal of the acoustical society of
America, 1939, 10, 270-274.

wallach, H. "The role of head movements and vestibular and visual cues in sound
localization,” Journal of experimental psychology, 1940, 27, 339-368.

I1-16

-------------

e e R D
o S RS
SRR St et
s a0 e AN .

e e e e
I
St e,

. AP i

Y DL I
i} 2

' st
Lod 4 2 -

.
e

2
-

1 3
. ’ 1 Cre . v. .
o b

O




...........
------

---------

NAVTRAEQUIPCEN 80-D-0011/0037-2

Wallach, H., Newman, E.B. and Rosenzweig, M.R. "The precedence effect in sound
localization," American journal of psychology, 1949, 62, 315-336.

ward, W.D. *“Auditory fatigue and masking," in J. Jerger (Ed.), Modern
developments in audiology. New York: Academic Press, 1963, pp. 240-286.

Ward, W.D. "Temporary threshold shift in males and females," Journal of the
acoustical society of America, 1966, 40, 478-485.

Ward, W.D. "Temporary threshold shift and damage-risk criteria for intermittent
noise exposures,” Journal of the acoustical society of America, 1970, 48,
571-574.

ward, W.D., Glorig, A. and Sklar, D.L. "Dependence of temporary threshold
shift at four kc on intensity and time," Journal of the acoustical society of
America, 1958, 30, 944-954.

Webster, F.A. "The influence of interaural phase on masked thresholds. 1. The
role of interaural time-deviation,” Journal of the acoustical society of
America, 1951, 23, 452-462.

Webster, J.C., Miller, P.H., Thompson, P.0. and Davenport, E.W. "Masking and
pitch shifts of pure tones near abrupt changes in a thermal noise spectrum,”
Journal of the acoustical society of America, 1952, 24, 147-152.

Wegel, R.L. and Lane, C.E. "The auditory masking of one pure tone by another
and its probable relation to the dynamics of the inner ear,” Physical review,
1924, 23, Series 2, 266-285.

Weston, P.B. and Miller, J.D. "“Use of noise to eliminate one ear from masking
experiments,” Journal of the acoustical society of America, 1965, 37, 638-646.

Wever, E.G. and Bray, C.W. "Distortion in the ear as shown by the electrical
responses of the cochlea,” Journal of the acoustical society of America, 1938,

9, 227-233.

whitmore, J.K. and Wilbanks, W.A. "Interaural noise correlation and monaural
signal detection,” Journal of the acoustical society of America, 1965a, 37,
1179 (A). .

Whitmore, J.K. and Wilbanks, W.A. “Interaural noise correlation and detection
of low-frequency monaural signals," Journal of the acoustical society of
America, 1965b, 38, 929 (A).

whitworth, R.H. and Jeffress, L.A. "Time versus intensity in the localization
of tones," Journal of the acoustical society of America, 1961, 33, 925-929.

Wightman, E.R. and Firestone, F.A. "Binaural localization of pure tones,"
Journal of the acoustical society of America, 1930, 2, 271-280.

Wightman, F.L. "Detection of binaural tones as a function of masker bandwidth,"
Journal of the acoustical society of America, 1971, 50, 623-636.

.............................

"

T
o
®

<
R
oy
-
o




.......

NAVTRAEQUIPCEN 80-D-0011/0037-2

Wightman, F.L. and Houtgast, T. "Binaural critical bandwidth as a function of
signal bandwidth,” Journal of the acoustical society of America, 1972, 51,
124 (A).

Wilbanks, W.A. and Whitmore, J.K. "Detection of monaural signals as a function
of interaural noise correlation and signal frequency,"” Journal of the
acoustical society of America, 1968, 43, 785-797.

Woodworth, R.S. and Schlosberg, H. Experimental psychology. New York: Holt,
Rinehart and Winston, 1954.

Wright, H.N. “Temporal summation and backward masking," Journal of the
acoustical society of America, 1964, 36, 927-932.

Yellot, J.T., Jr. "Correction for fast-guessing and the speed- accuracy
tradeoff in choice reaction time," Journal of mathematical psychology, 1971,
8, 159-199.

Yost, W.A. "Discrimination of interaural phase differences," Journal of the
acoust1ca1 society of America, 1974, 55, 1299-1303.

Iwicker, E, "Die Grenzen der Horbarkeit der Amplitudenmodulation under der
Frequenzmodulation eines tones," Acustica, 1952, 2, 125-133.

Iwicker, E. and Feldtkeller, R. "Ueber die Lautstarke von gleichformigen
Gerauschen," Acustica, 1955, 5, 303-316.

Iwicker, E. and Feldtkeller, R. Das Ohr als Nachrichtenempfanger. Stuttgart:
S. Hirzel Verlag, 1967.

Iwicker, E., Flottorp, G. and Stevens, S.S. "Critical bandwidth in loudness
summation, '« Journal of the acoustical society of America, 1957, 29, 548-557.

Iwislocki, J. "Theory of temporal auditory summation," Journal of the
acoustical society of America, 1960, 32, 1046-1060.

Zwislocki, J. "Temporal summation of loudness: An analysis," Journal of the
acoustical society of America, 1969, 46, 431-441].

Zwislocki, J. and Feldman, R.S. "Just noticeable differences in dichotic
phase," Journal of the acoustical society of America, 1956, 28, 860-864.

IZwislocki, J. and Pirodda, E. "On the adaptation, fatigue and acoustic trauma

of the ear," Experientia, 1952, 8, 279-284. -4

11-18 L

B - . . - .. . . B
B O Ny | PO " 3 DB, . A z .y el m a e taala aAla. a & alwe"a’a mlimtae. 2'a’ s a s .a_ -




o WNERTT YW W v v vemmmews . v e o= -

¢ - -

..................................

.....

NAVTRAEQUIPCEN 80-D-0011/0037-2
DISTRIBUTION LIST

Commanding Officer
Naval Training Equipment Center
Orlando, FL 32813

37

Defense Technical Information Center

Cameron Station
Alexandria, VA 22314

A1l others receive one copy

Dr. Edward Mulligan
University of Georgia
Athens, GA 30602

Commander, USAISD
Attn: ATSI-EDT-L
Ft. Devons, MA 01433

M. Stephen Huntley
Department of Transportation
DOT/TSC-45

Kendall Square

Cambridge, MA 02142

Commanding Officer
Naval Underwater Systems Center
New London, CT 06320

Rockwell International
Autonetics Marine Systems Div.
New England Operations

1028 Poquannock Road

Groton, CT 06340

Dr. Thomas J. Hammell
Ship Analytics, Inc.
P.0. Box 410

N. Stonington, CT 06359

Librarian

American Power Jet Company
705 Grand Avenue
Ridgefield, NJ 07657

Lockwood Reed

U.S. Army Avionics R&D Activity
DAVAA-C

Ft. Monmouth, NJ 07703

~

12

......

Lon Sorenson, Systems Engineer
Semcor, Inc.

Strawbridge Lake Office Bldg.
Rt. 38

Moorestown, NJ 08057

Dr. Thomas H. Crystal
Institute for Defense Analyses
Thanet Road

Princeton, NJ 08540

Gerald J. Fox

Grumman Aerospace Corp.
B25-035
Bethpage, NY 11714

Eric Clearinghouse on -
Information Resources
Syracuse University
School of Education
Syracuse, NY 13210

Rome Air Development Center
Attn: Oocuments Section (TSTD)
Griffiss AFB, NY 13441

I. James Whitton, Manager
General Electric - AES
901 Broad St., MD 439
Utica, NY 13503

Mr. Robert Gamache

The Singer Company

Link Flight Simulation Division
Binghamton, NJ 13902

...... pp

Commander, Naval Air Development Center

Attn: Or. Edgar Johnson
Technical Director
Warminster, PA 18974

American Institute for Research
in the Behavijoral Sciences

1055 Thomas Jefferson St., NW

Washington, DC 20007

Chief of Naval Operations, OP-115
Research, Development and Studies

Room 6836
Washington, DC 20350

-
”
. .A : - N
coem
BRI

]
-»'-;;‘;;
»
g

- o g
| I
S
»

A
PR : .

-

PP I

Ce e
'.-' l‘ 2 a9 . ""'
Wt % e I -" -.. . [ ll .
NN WERIIRRRR



NAVTRAEQUIPCEN 80-D-0011/0037-2

Program Manager for Simulation and
Training Devices

Office of Naval Technology

NAVMAT 0722

800 N. Quincy St.

Arlington, VA 22217

Commander, Naval Sea Systems Command
Technical Library

SEA 098312

Washington, DC 20362

Robert T. Hennessy

Committee on Human Factors
National Research Council
2101 Constitution Avenue, NW
Washington, DC 20418

Dept. of Transportation Library
FOB-10A Services Branch, M-493.2
800 Independence Ave., SW
Washington, DC 20591

Paul 0. Davis

Institute of Human Performance
7676 New Hampshire Ave.

Suite 409

Langley Park, MD 20783

Technical Library

Department of the Army

U.S. Army Concepts Analysis Agency
8120 Woodmont Ave.

Bethesda, MD 20814

Commander

Naval Surface Weapons Center
Attn: Library, Room #1-321
Silver Spring, MD 20910

USA Ordnance Ctr. & School Library
Bldg 3071
Aberdeen Proving Ground, MD 21005

D. R. G. Buser, DELNV-L
NV&EO Laboratory
Ft. Belvoir, VA 22060

Commander, U.S. Army Mobility
Equipment R&D Command

ATTN: Library

Ft. Belvoir, VA 22060

..............................
..........................

Human Sciences Research, Inc.
Westgate Research Park

7710 01d Springhouse Rd.
McLean, VA 22102

Commanding General

U.S. Marine Corps Development and
Education Command

Attn: Aviation Division

Quantico, VA 22134

Dr. Jesse Orlansky

Institute for Defense analyses
Science & Technology Division
1801 N. Beauregard St.
Alexandria, VA 22311

Commanding Officer

Fleet A.S.W. Training Center, Atlantic
Naval Base

Norfolk, VA 23511

Commander, Naval Air Force

U.S. Atlantic Fleet (Code 312E)
NAS Norfolk

Norfolk, VA ?3511

Transportation Technical Information
and Research Center

Building 705

U.S.Army Trainportation School

Ft. Eustis, VA 23604

NASA Langley Research Center
Technical Library, M.S. 185
Attn: Document Cataloging
Hampton, VA 23665

Technical Information Department
Lockheed-Georgia Company

Dept. 72-34, Zone 26

Marietta, GA 30063

Conrad Technical Library

U.S. Army Signal Center and Ft. Gordon
Building 20807

Ft. Gordon, GA 30905

Applied Technology

Division of Litton Industries
Antekna Simulation Products
2762 Watson Blvd.
Warner Robins, GA 31093

T Y ey vy

S
o
e
»
T
:--frfﬂ‘;;
L
.
]
. .
=
SRR
o -
e
L




............
......................

NAVTRAEQUIPCEN 80-D-0011/0037-2
David M. Eakin Dr. C. Wickens
Bell Aerospace Textron University of Illinois s
Naval Coastal Systems Center Department of Psychology ]
Bldg. 319 Champaign, IL 61820 "
Panama City, FL 32407 RIER
A. J. Shock T
Chief of Naval Technical Training McDonnell Douglas Astronautics Co. ’
Pensacola, FL 32508 Dept. E080, Bldg 106, Level 2
P. 0. Box 516
William Hinton St. Louis, MO 63166
Allen Corp. of America
3751 Maguire Blvd. Commandant ]
Suite 270 U.S. Army Command & Gen Staff College »
Orlando, FL 32803 Library Division A
Ft. Leavenworth, KS 66027
Rudolf K. Walter
Int'l Aerospace Technologies, Inc. Ross E. Ailslieger
Executive Plaza, Suite 110 Boeing Military Airplane Company - nd
4717 University Drive Crew Systems Technology M.S.K75-78 | S
Huntsville, AL 35805 3801 S. Oliver St.
Wichita, KS 67210 j
Commanding Officer K
Redstone Scientific Info Center Dr. G. R. Doddington
U.S. Army Missile Command Texas Instruments, Inc. —
Attn: DRSMI-RPR (Documents) Computer Science Lab | N
Redstone Arsenal, AL 35898 P. 0. Box 226015, MS 238 L
Dallas, TX 75226 L
Director )
Alr University Library Superintendent RO
Attn: ALU/LSE U.S. Air Force Academy Library g
Maxwell AFB, AL 36100 Code DFSEL-D b
Colorado Springs, CO 80840 :
Human Factors Branch AT
AFAMRL Vernon E. Carter S
Wright-Patterson AFB, OH 35433 Northrop Corp. o
Human Factors '
Engineering Library 3901 W. Broadway lrﬁﬂ
Lear Siegler, Inc. Hawthorne, CA 90250 NS
Instrument Division 2
4141 Eastern Ave., S.E. Russ Lefever, MGR. Systems Eng. Div. o
Grand Rapids, MI 49508 Technology Service Corp. s
2950 31st Street -
Michael J. Maloney Santa Monica, CA 90405 7
Bjorksten Research Labs, Inc. .
P. 0. Box 9444 Bulletin Editor ]
Madison, WI 53715 Human Factors Society R
P. 0. Box 1369 B
John F. Brock, MN-17-2318 Santa Monica, CA 90406 Lo
Honeywell, Inc. ORI
Systems & Research Center Dr. James E. Roberts Ry
2600 Ridgeway Parkway Medical Systems Tech. Services, Inc. :ZQE
Minnespolis, MI 55413 23824 Hawthorne Blvd. Ry
Suite 200 T
Torrance, CA 90505 | N




: NAVTRAEQUIPCEN 80-D-0011/0037-2

D. W. Linder Larry L. Pfeifer, V.P. o

Northrop Corp. Signal Technology, Inc. i*—~
E740/3E 5951 Encina Rd. o
8900 E. Washington Blvd Goleta, CA 93117 Cel]
Pico Rivera, CA 90660 R
Air Force Flight Test Center
Norton L. Moise Technical Library/Stop 238 Lo
Hughes Aircraft Co. Edwards AFB, CA 93523 b
Engineering Design Lab o
. Bldg. Al, Mail Station 30923 David C. Nagel Lo
3 P. 0. Box 9399, Long Beach, CA 90810 NASA AMES Research Center S
E IM-239-3 S
AMETEK Moffett Field, CA 94035 ]
Offshore Research & Engineering Div. b
» 1224 Coast Village Cir. Edward M. Huff, Chief s
g Santa Barbara, CA 92108 Helicopter Human Factors Office
Mail Stop 239-21
TRACOR, Inc. NASA AMES Research Center
4320 Kenyon St. Moffett Field, CA 94035
Suite 209
San Diego, CA 92110 Director
U.S. Army Research & Technology Lab
Anthony Ciavarelli DAVDL-AS (Attn: R. S. Dunn)
Cubic Corp. 207 S. Ames Research Center
Defense Systems Division Moffett Field, CA 94035
9333 Balboa Ave., Mail Zone 8-B4
San Diego, CA 92123 Sperry Corp.
Electronic Systems
J. F. Schalin - 1350 Hayes St.
Teledyne Ryan Electronics Benicia, CA 94510
8650 Balboa Ave.
San Diego, CA 92123 ' Wolf J. Hebenstreit, Mgr.
Boeing Aerospace Co.
Commanding Officer Crew Systems & Simulation Tech.
Naval Health Research Center P. O. Box 3999, M.S. 9F-40
P. 0. Box 85122 Seattle, WA 98124
San Diego, CA 92138 _
D. G. Pearce .
Logicon Technical Library Defense & Civil Institute of
Tactical & Training Systems Div. Environmental Medicine
4010 Sorrento Valley Blvd. Behavioral Sciences Div.
P. 0. Box 85158 P. 0. Box 2000 Downsview, Ontario M3M 3B9,
San Diego, CA 92138 Canada
M. McDowell R
Naval Personnel R&D Center I
Library, Code P202L -
San Diego, CA 92152 -
Dr. R. Mackie }ﬂf?
Human Factors Research R
5775 Dawson Ave. e
Goleta, CA 93117 Rk
4 of 4 b
---------------------- ~".-"
------------------------------ e LT T e e Y
e BRI PR AR S e e -




Y

v 3
AN
1

Wik
R

¥

Y
¥




